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ABSTRACT
Jackie McCluskey: Iron Acquisition in Listeria monocytogenes

This investigation was designed to study iron acquisition mechanisms of Listeria
monocytogenes. Molecular biology techniques were employed.

A listerial genomic library in E. coli and a library of listerial transposon mutants was
constructed and screened. The assay used to screen both libraries was based on the ability
of a ferrous iron chelator, ferrozine, to produce a red colour when complexed with ferrous
iron. After screening approximately 10,000 clones from the genomic library and 12,000
mutants from the transposon library of mutants, 11 apparently ferric reductase-negative
transposon mutants were identified. Subsequent analysis of these mutants showed them to
be ferric reductase-positive. The reason for this reversal of phenotype is not known and
was not investigated further.

To identify genes which were involved in the growth of L. monocytogenes in low-iron
environments, the library of listerial transposon mutants was screened in low-iron medium.
From the 5,500 screened, two mutants were identified which showed reduced ability to
grow in both low-ferric and low-ferrous iron medium. In the high-iron medium, the
growth of the mutants was similar to that of the wild type.

Mutant 9E was phenotypically similar to the wild type except for the inability to grow in
low-iron medium. Mutant 7D had two additional difference; increased haemolytic activity
and decreased motility when observed using phase microscopy. Sequencing of the flanking
chromosomal DNA led to the identity of the genes which had been disrupted; flaA in mutant
7D and argC in mutant 9E. Sequence analysis upstream from the flaA gene identified a new
gene, cheV, in L. monocytogenes. The relationship of these mutations to the observed
phenotypes was discussed. The ability of both mutants to grow in vivo was similar to that
of the parental wild type.
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1.1 LISTERIA MONOCYTOGENES - HISTORICAL INTRODUCTION

Listeria monocytogenes is a member of the genus Listeria which currently consists of six
species, L. monocytogenes, L. innocua, L. ivanovii, L. seeligeri, L. welshimeri and L.
grayvi (Stuart & Welshimer, 1974; Feresu & Jones, 1988). The species L. monocytogenes
and L. ivanovii have been recognised as important pathogens of animals and humans
since early in the history of medical bacteriology (Gray & Killinger, 1966). They cause
clinical conditions varying from mild influenza-like illnesses to meningitis and

meningoencephalitis, all of which are covered by the term listeriosis.

Listeria monocytogenes was first isolated and characterised by Murray, Webb and Swan
in 1926. These workers at Cambridge University, in 1924, were able to show this
organism as the causative agent of septicaemic infection of laboratory animals such as
guinea pigs and rabbits and they named the organism Bacterium monocytogenes. The
genus Bacterium was chosen because Murray et al. were not exactly sure into which
genus this organism should be classified, while the specific name monocytogenes was
assigned due to the characteristic monocytosis observed following infection with this
organism. Although Murray e al. (1926) are generally credited with the first accurate
description of L. monocytogenes, other reports suggest that the organism was isolated

from similar infections prior to 1924 (Atkinson, 1917; Dick, 1920).

Following the works of Murray ez al. (1926), Pirie described an organism which he had
isolated from gerbils and which he named'Listerella hepatolytica in honour of the British
microbiologist Lord Lister (Pirie, 1927). This was later recognised by Pirie as being
identical to the organism isolated by Murray et al. and the name was changed to
Listerella monocytogenes (Addendum Pirie, 1927). The name change from Listerella

monocytogenes to Listeria monocytogenes took place in 1940 because the genus name



Listerella had been used previously for a mycetozoan (Pirie, 1940). This new name was

included in the 6th edition of Bergey's Manual of Determinative Bacteriology.

1.2 NATURE OF THE PATHOGEN

1.2.1 Bacteriological characteristics

The principal characteristics of L. monocytogenes and all the members of the genus are:
Gram positive, non-spore forming, non-acid-fast, pleomorphic rod shaped bacteria with
round ends (Gray, 1960). When observed microscopically, fresh isolates that produce
colonies with smooth edges appear as short diptheroid-like rods approximately 1.0-2.0
pym x 0.5 pm, while bacteria from colonies with rough edges appear as longer rods
measuring 6-20 um in length and often form filaments (Gray, 1960). The variation in
colonial and bacterial morphology is thought to be correlated with the amount of a
protein, p60, produced by the bacterium (Kuhn & Goebel, 1989). Smooth form isolates
produce more p60 than isolates of the rough form. In addition to these typical
morphological characteristics, L. monocytogenes often exhibits a tumbling motility due to
flagellar rotation, which is a useful characteristic in identifying the organisms (Seeliger,
1961). The presence of flagella is dependent on the temperature which the bacteria were
grown prior to examination of the flagella (Galsworthy et al., 1990; Kathariou et al.,
1995). Flagella are more commonly found on bacteria grown at 22°C than on those
grown at 37°C and consequently, bacteria grown at the former temperature are more

motile (Galsworthy et al., 1990).

Listeria monocytogenes is capable of growing at temperatures between 1 and 45°C with
optimum growth occurring in temperatures between 30 and 37°C (Seeliger & Jones,

1986). The organism can be cultured in a number of different bacteriological media



(Gray, 1960; Seeliger, 1961; Ralovich, 1984) although Tryptose Agar is generally used
for maintaining stocks and for subsequent culturing within the laboratory (Gray, 1960).
The purity of a culture grown on a clear medium such as Tryptose Agar can be examined
under magnification using obliquely transmitted light (Henry, 1933), as colonies of L.
monocytogenes appear bluish-green and have a finely textured surface when illuminated

in this manner.

Listeria monocytogenes was reported as being able to grow at pH values between 5.6-9.6
(Seeliger & Jones, 1986) with maximum growth occurring at neutral to slightly alkaline
pH values. More recent studies have shown the ability of the organism to grow at pH
values as low as 4.4-4.6 (Farber ef al., 1989). Oxygen levels also influence the growth of
the organism and reports by Seeliger (1961) and Ryser & Marth (1991) indicated that

growth is enhanced in conditions where the oxygen tension is reduced compared with air.

1.2.2 Taxonomy

Until the 7th edition of Bergeys Manual of Determinative Bacteriology (Breed et al.,
1948, 1957) the genus Listeria was monospecific, containing only L. monocytogenes, and
was included in the family of Corynebacteriacae. However in the 8th edition of Bergey's
Manual of Determinative Bacteriology the genus Listeria was listed alongside the genera
Erysipelothrix and Caryophanon in the "genera of uncertain affiliation" (Buchanan &
Gibbons 1974). This alteration was based on the findings of various studies on different
aspects of the genus, such as cell wall composition, nucleic acids and numerical
taxonomy (Schleifer & Kandler, 1971; Stuart & Welshimer, 1974; Feresu & Jones,
1988). More recent findings, based on 16S rRNA reverse transcriptase analysis,

suggested that the genus Listeria be removed from the current family and assigned to a



new family Listeriaceae which would include the genera Listeria and Brochothrix

(Collins et al., 1991).

In recent years a number of amendments have occurred within the genus. In 1985, eight
species were included in the genus Listeria, these being L. monocytogenes, L. innocua, L.
ivanovii, L. seeligeri, L. welshimeri, L. denitrificans, L. murrayi and L. gravi (Audurier et
al., 1984). Although these eight species can be found in the 9th edition of Bergey's
Manual of Systematic Bacteriology, three of these species - namely L. denitrificans, L.
murrayi and L. grayi had been categorised as species incertae sedis (Seeliger & Jones,
1986). The basis of these alterations was the results obtained from molecular biological,
numerical taxonomic and chemical studies of these species. The classification of L.
murrayi and L. grayi was altered because numerical taxonomic and chemical studies
indicated a very close relationship between both species. Rocourt er al. (1987b) showed
the close relationship of L. murrayvi to L. monocytogenes using 16S r RNA cataloguing,
while also showing the very close relationship of L. murrayi and L. grayi using
DNA/DNA hybridisation (Rocourt et al., 1987a). Other workers have suggested that L.
murrayi and L. grayi are not in fact distinct species but rather should be members of the
one species, namely L. grayi (Feresu & Jones, 1988; Collins ef al., 1991; Jones et al.,

1990; Rocourt et al., 1992).

Listeria denitrificans was shown not to belong to the genus Listeria by a number of
workers, all of whom reached their conclusion following numerical taxonomic,
biochemical, morphological or nucleic acid studies (Collins et al., 1983; Espaze et al.,
1986; Fiedler & Seger, 1983; Fiedler et al., 1984; Jones, 1975; Jones et al., 1986; Stuart
and Pease, 1972; Stuart & Welshimer, 1973,1974; Wilkinson and Jones, 1977). Rocourt
et al. (1987a) proposed this species be reclassified in a new genus Jonesia, as Jonesia

denitrificans.



The remaining five species L. monocytogenes, L. innocua, L. ivanovii, L. seeligeri and L.
welshimeri have been shown to have a very high degree of DNA homology (Rocourt et
al., 1982) and also many similarities in phenotypic and biochemical characteristics
(Seeliger & Jones, 1988). Multilocus enzyme electrophoresis was used to confirm the
close relationship of the five species mentioned above, however, in doing so the results
indicated that the species L. ivanovii could be further subdivided into two sub-species,
ivanovii and londoniensis (Seeliger & Jones, 1988). Table 1.1 shows the two separate

lines of descent of the six species of Listeria.

The typical biochemical tests used to distinguish between these 6 species are shown in
Table 1.2. The ability of L. monocytogenes to produce acid from L-rhamnose but not
from D-mannitol, D-xylose or alpha-methyl-D-mannoside can be used to differentiate it
from other species of the genus Listeria. Other characteristics shown in Table 1.2 include
haemolysis, reduction of nitrates to nitrites and the Camp reaction. Listeria
monocytogenes, L. ivanovii and L. seeligeri are capable of lysing a wide range of
mammalian erythrocytes although in routine haemolysis tests, sheep or horse blood agar
plates are used (Skalka er al., 1982; Pine et al., 1987). Listeria monocytogenes produces
very clear zones of B-haemolysis when streaked onto blood agar plates, whereas L.
seeligeri often produce weak or doubtful B-haemolytic zones. To potentiate any doubtful
results obtained from the haemolysis test the Camp reaction is routinely performed
(Christie et al., 1944; Rocourt et al., 1983). This test involves streaking cultures of B-
haemolytic Staphylococcus aureus or Rhodococcus equi vertically onto a sheep blood
agar plate and streaking the Listeria species being examined at right-angles to these two
cultures. The results obtained after 48 hours incubation show enhanced B-haemolysis by
L. monocytogenes near the §S. aureus streak, enhanced B-haemolysis by L. ivanovii near

the R. equi streak and enhanced haemolysis by L. seeligeri near the S. aureus streak.



Within a single species further subdivisions can be made based on serological
examination. In L. monocytogenes, the current knowledge suggests that 16 distinct
serological types exist, each varying in the composition of their somatic (O) antigens and
their flagellar (H) antigens (Ryser & Marth, 1991). Table 1.3 lists the different serotypes
of L. monocytogenes in addition to those found in other Listeria species. As is evident
from Table 1.3, serotypes 1, 3, and 4 were differentiated on the basis of their (O) antigen

or H antigen composition (Ryser & Marth, 1991).

Further sub-division of each serotype was based on the discovery of additional O
antigens and/or H antigens (Seeliger, 1961; Donker Voet, 1965; Ryser & Marth, 1991).
Serologically, L. innocua, L. ivanovii, L. seeligeri and L. welshimeri are similar to L.
monocytogenes sharing certain somatic antigens, while L. grayi is serologically distinct
(Ralovich, 1984). In cases of human listeriosis, 90% of isolates associated with infection

belong to serotypes 1/2a, 1/2b and 4b (McLauchlin, 1987; Seeliger & Hohne, 1979).

1.3 PATHOGENESIS

1.3.1 Clinical disease - listeriosis

Of the six currently recognised species in the genus Listeria, only two, L. monocytogenes
and L. ivanovii cause the disease known as listeriosis (Hof & Hefner, 1988). L.

monocytogenes causes the disease in animals and man, although until about 1960 it was
associated mainly with infection in animals (Seeliger, 1961; Welshimer, 1981; Donachie
& Low, 1995). Human infections by L. ivanovii are very rare with only three cases
reported to date (Jones et al., 1990). This species is most frequently associated with

disease in animals, mainly sheep (Hof & Hefner, 1988), although L. monocytogenes is



Table 1.1. Current taxonomic classification of the genus Listeria

GENUS LISTERIA
FIRST LINE OF DESCENT SECOND LINE OF DESCENT
SPECIES L. monocytogenes L. grayi
L. innocua

L. ivanovii subspp. ivanovii
subspp londoniensis
L. seeligeri

L. welshimeri




Table 1.2. Biochemical Identification of Listeria species

Nitrates CAMP test Production of acid from

Species Beta-haemolysis reduced SA RE2 MR Xb
L. monocytogenes + - + - - + -
L. ivanovii + - - + - - +
L. innocua - - - - - ve -
L. welshimeri - - - - - v +
L. seeligeri v - + - - -
L. grayi - - ND ND - - -

aSA = Staphylococcus aureus; RE = Rhodococcus equi
bM = mannitol; R = rhamnose; X = xylose
CVariable

Adapted from Ryser & Marth, (1991)



Table 1.3. Serological classification of the genus Listeria

SPECIES SEROTYPE SOMATIC (O) FLAGELLAR (H)
ANTIGEN TYPE ANTIGEN TYPE

L. monocytogenes 1/2a [1I (II1)3 AB
1/2b LTI (TH) ABC
1/2¢ [T (I1D) BD
3a I 1v AB
3b I (I1D) IV (XII) (XIIT) ABC
3c [T (I1) TV (XIT) (XIII) BD
4a (I (V) VIT IX ABC
4ab (I V VIVII IX X ABC
4b () vV VI ABC
4c dJmv vl ABC
4d (I (V) VI VIII ABC
de (IIHV VI (VII) (IX) ABC
7 (1) X1I XT1II ABC

L. ivanovii 5 dIH (V) VI (VIID X ABC

L. innocua 6a(“4f”) (I V (VD) (VID (IX) XV ABC
6b (“4g™)b (II) (V) (V) (VI) IX X X1 ABC

L. grayi (IIT) XII X1V [XVI]€ E

4( ) = not always present

bL. welshimeri cannot be differentiated serologically from L. innocua serotype 6b
[ ] = proposed by Vazquez-Boland et al., (1992)

Adapted from Ryser & Marth, (1991).



still responsible for approximately 90% of all cases of animal listeriosis (Ryser & Marth,
1991; Donachie & Low, 1995). Not surprisingly, L. monocytogenes has attracted greater

attention and consequently most investigations are carried out on this species.

The primary means of transmission of Listeria to man and animals is through
contaminated foodstuffs and this was reported as early as 1915 when an outbreak of a
listeriosis-like disease in humans in Australia was linked to food (Atkinson, 1917).
Likewise in animals, mainly cattle, outbreaks of listeriosis have been linked to the
feeding of contaminated silage (Gray, 1960; Blenden et al., 1966; Fenlon, 1986). In early
cases of human listeriosis, no definite foodstuff was established as the source of infection
(Seeliger, 1961) although more recent outbreaks have been examined more thoroughly
and exact sources have been identified (Gellin & Broome, 1989; Lund, 1990). Foodstuffs
such as coleslaw (Schlech er al., 1983), milk (Fleming et al., 1985), various cheeses
(Malinverni ez al., 1985; Linman et al., 1988), pates (McLauchlin ef al., 1991; Goulet et
al., 1995), various meats (Anderson & Norrung, 1995; Jacques et al., 1995) and chicken
(Gilbert et al., 1989) have been identified as vehicles for transmitting L. monocytogenes

to humans.

Although contaminated food does seem to be the most important route of transmission,
other routes do exist. Infection via the respiratory tract has been reported in both human
and animal cases of listeriosis (Odegaard et al., 1952; Wohler & Baugh, 1983) while

cutaneous and ocular listeriosis may also occur (Owen et al., 1960; Ralovich, 1984).

The term listeriosis encompasses a wide variety of clinical symptoms which appear to be
very similar in animals and man. In animals, outbreaks of listeriosis in herds of domestic
animals such as sheep, cattle, goats and swine are of significant worldwide economic

importance. The most common form of the disease in adult ruminants appears to be
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encephalitis, while in the young, septicaemic infections are more common (Seeliger,
1961; Gitter, 1985; Donachie & Low, 1995). Another form of listeriosis in sheep and
cattle is infection of the unborn fetus via the placenta, which usually results in abortion

(Gray & Killinger, 1966; Jones & Seeliger, 1991).

In humans, the disease is usually sporadic, although epidemic outbreaks do occur (Gellin
& Broome, 1989). Disease is most likely to occur in pregnant women, neonates, elderly
and immunocompromised individuals. Infection of healthy adults is rare and may even
go unnoticed (Jones & Seeliger, 1991; Farber & Peterkin, 1991). The clinical symptoms
may range from mild influenza-like illnesses to meningitis and meningoencephalitis. The
most commonly reported symptoms are meningeal related, although in pregnant women

the most likely symptom to occur is a mild influenza-like illness.

The exact incidence of listeriosis worldwide is not known, mostly due to the fact that the
clinical symptoms of mild listeriosis are non-specific thereby allowing cases to go
undetected. However, estimates of the number of cases to range from 1 - 12 incidences
per million of population (Gellin & Broome, 1989; Jones, 1990) although these figures
are most definitely on the increase (Broome et al., 1990; Campbell, 1990). This increase
in cases of listeriosis in recent years has led to renewed interest in the Listeria, in

particular the pathogenicity of these organisms.

1.3.2 Immunity and treatment against L. monocytogenes

The immune response to L. monocytogenes includes both humoral and cell mediated
responses. A strong antibody response to a number of L. monocytogenes surface proteins
and listeriolysin O is stimulated, however, it has been shown that these antibodies alone

do not protect against infection (Njoki-Obi & Osebold, 1962; Beattie et al., 1990; Barry
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et al., 1992). The ability of antibodies to opsonise Listeria cells and stimulate the
classical complement pathway has been implicated as an important immune response to
infection, however, in neonates, there is a much lower activity of this pathway due to
lesser amounts of IgM opsonic antibody and this may contribute to the increased
susceptibility of this group to infection by L. monocytogenes (Issekutz et al., 1984;

Bortolussi et al., 1986).

Although the level of antibody production does appear to affect the susceptibility of
certain individuals such as pregnant women and neonates to Listeria infection, the most
important immune response to L. monocytogenes is the cell mediated response. Recovery
from listerial infection is associated with the development of acquired cellular resistance
(Mackaness, 1969; Hahn & Kaufmann, 1981; Kaufmann, 1984) which is supported by
the fact that transfer of resistance to L. monocytogenes can be obtained via lymphoid cells
and also that immunodeficient individuals have a greater likelihood of contracting

listeriosis (Mackaness, 1969; Gellin & Broome, 1989).

Early research into immunisation against listeriosis in animals involved mainly bacterin,
as sheep vaccines, however, the results indicated that no protection was obtained even
when large doses of the bacterin were administered (Graham et al., 1943). In later
investigations, killed vaccines were examined but the results were rather contradictory.
Many workers failed to report induction of a protective immune response (Kearns &
Hinrichs, 1977; Wirsing von Koenig e al., 1982; Berche et al., 1987), although one
group reported that by using extremely large doses of non-viable L. innocua, protective

immunity was induced in mice (Wirsing von Koenig et al., 1983).

The fact that replicating cells are more efficient in stimulating an immune response that

non-replicating cells (Hahn & Kaufmann, 1981) and that intracellular growth was
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reported as a pre-requisite for induction of cell-mediated protection (Baldrige et al., 1988;
Brunt et al., 1990) led to the use of live vaccines. More success was achieved when
attenuated live vaccine strains were used for immunisation (Kearns & Hinrichs 1977;
Ivanov, 1981; Linde er al., 1991). Early studies (Ivanov et al., 1977) employed
bacteriostatic agents in order to attenuate Listeria strains, however, more recent
investigations have used strains with naturally reduced virulence, as this avoided the
possible problems of antigenic structure alteration which may occur when using
bacteriostatic agents (Michel ef al., 1990). Listeriolysin O-negative Listeria strains have
been suggested as possible vaccine strains (Michel ef al., 1990), however, the fact that
they lack LLO presented problems as this factor is a major stimulant of the immune
response and protection against L. monocytogenes (Berche et al., 1987; Barry et al.,
1992). Thus, the current approach in identifying an ideal vaccine is the use of
auxotrophic mutants (Alexander, 1994) similar to those employed with a number of
Gram negative bacteria (Dougan et al., 1987; O’Callaghan et al., 1988; Mukkur et al.,
1991).

1.3.3 Virulence determinants

Despite significant advances in recent years, the current knowledge of the pathogenesis
of listeriosis remains incomplete. Like most pathogenic organisms the mechanisms by
which L. monocytogenes causes disease is highly complex, involving many different
stages. The pathogenesis of listeriosis can be broadly divided into three main steps - 1.
penetration of the host, 2. survival and multiplication of the organism within the host and
3. invasion of target tissue (Ryser & Marth, 1991; Sheenen et al., 1994; Dramsi et al.,
1996). Due to the characteristic penetration of the intestine by L. monocytogenes, these
organisms have been classified as enteroinvasive pathogens (Mackaness, 1969; Racz et

al., 1970). During the final stages of this disease, excape from host macrophages a
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septicaemia may occur allowing the organism to spread to body organs, such as the brain,

(Jones & Seeliger, 1991; Ryser & Marth, 1991).

In order to penetrate, survive and multiply within the host and eventually cause disease,
most pathogens possess a number of different virulence determinants which are involved
at the different stages of the disease (Finlay & Falkow, 1989). The application of
molecular biological techniques, in particular gene cloning and transposon mutagenesis,
has allowed identification and characterisation of such determinants and has led to a
better understanding of their role in the pathogenesis of disease (Macrina, 1984).
Virulence determinants, both cell-associated and extracellular, have been described in L.
monocytogenes and include: listeriolysin O, phospholipases, catalase, superoxide
dismutase internalin, monocyte producing activity (MPA), immunosuppresive activity
(ISA), delayed-type hypersensitivity factor (DTH) and protein p60 (Chakraborty &
Goebel, 1988; Goebel er al., 1991, Portnoy et al., 1992; Sheenen et al., 1994; Dramsi et
al., 1996). The encoding genes for some of these determinants have been identified,
cloned and several are located on an operon lying adjacent to the listeriolysin encoding

gene, hly (Portnoy et al., 1992). The arrangement of these genes is shown in Figure 1.1

1.3.3.1 Extracellular factors

1.3.3.1.1 Listeriolysin O - LLO (hly)

The L. monocytogenes haemolysin, listeriolysin O, is the most characterised virulence
determinant of the species. All pathogenic strains of this organism are haemolytic (Liu &
Bates, 1961). Although there is strain variation in the level of haemolytic activity, this is
not correlated with virulence (Kathariou er al., 1988). Listeriolysin O is a member of a

family of thiol-activated pore-forming cytolysins of which streptolysin O, from
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Figure 1.1. The Listeria monocytogenes listeriolysin and lecithinase operon.
Diagrammatic representation of the gene arrangement of a number of listerial virulence

determinants. Most of the genes are discussed in this section of the thesis.
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prfA: positive regulator

plcA: phosphatidylinositol-specific phopholipase C
hly : listeriolysin O

mpl : mettaloprotease

actA: surface protein involved in actin assembly
plcB: lecithinase

ORFX: unknown function

ORFY: unknown function

ORBZ: unknown function

(Adapted from Portnoy et al., 1988; Sheenen et al., 1994)



Streptococcus pvogenes is the prototype (Njoki-Obi et al., 1963; Parrisuis et al., 1986;
Gaillard er al., 1987). This protein, is a heat-labile single polypeptide of approximate
molecular weight 60 kDa and is encoded by the Alv gene (Njoki-Obi, 1963; Cossart,
1988: Goebel er al., 1988).

The essential role of LLO for virulence was shown by means of gene cloning and
transposon mutagenesis experiments. Non-haemolytic mutants of L. monocyvtogenes
were shown to be completely avirulent (Gaillard er al.. 1986; Kathariou er al., 1987,
Kuhn er al., 1990) while introduction of the cloned gene on a plasmid into a strain
containing a structural gene mutation, resulted in restoration of virulence (Cossart et al.,

1989: Mengaud et al., 1991). Electron microscopy studies of non-haemolytic mutants
have shown that the mutants reside in the endosomal vacuole of Caco-2 cells, do not
escape into the cytoplasm and consequently are unable to multiply intracellularly
(Gaillard er al., 1987) in contrast to the wild-type bacterium. Additional evidence
supporting the role of LLO in the lysis of the phagosomal membrane comes from
experiments involving the cloning of the listerial hly into a non-invasive Bacillus subtilus
and also into an attenuated Salmonella dublin (Bielecki er al., 1990; Gentschev et al.,
1995). Both these altered organisms were capable of invading macrophages, lysing
phagosomal membranes and growing intracellularly. Other workers, however, suggested
that factors other than LLLO may be involved in escape from the phagolysosome as they
found that non-haemolytic mutants could grow in human epithelial cells, (Portnoy er al.,

1988; Jones & Portnoy. 1994; Goldfine er al., 1995; Marquis et al., 1995).

Following penetration of the host, L. monocytogenes is phagocytosed into an iron-poor
environment (Bullen, 1981) which has been shown to stimulate production of LLO
(Cowart & Foster, 1985; Cowart, 1987). The acidic pH conditions presumed to exist

within the phagolysosome have also been shown to be able to stimulate listeriolysin
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activity (Geoffroy er al., 1991). Expression of hlv is known to be positively regulated by
the virulence regulator, prfA although prfA-independent regulation of expression of hly
has been reported (Portnoy er al., 1992; Sheenan et al., 1994; Bohne et al., 1994) . Thus,
in vivo, it is thought that LLLO, and maybe other factors, mediate intracellular lysis of the
phagosome and release of the bacterium into the cytoplasm which is a more favourable

environment for bacterial growth (Gaillard er al., 1987; Kuhn et al., 1990)

1.3.3.1.2 Phosphatidylinositol-specific phospholipase C - PI-PLC (picA)

Adjacent to hly is a gene plcA which encodes phophatidylinositol-specific phopholipase
C, PI-PLC (Leimeister-Wachter et ul., 1991; Goldfine & Knob, 1992). This virulence
factor was identified during screening of L. monocvtogenes haemolysin-negative mutants,
where some of the mutants were able to escape the intracellular vacuole and form plaques
in cell lines in tissue culture (Kathariou e al., 1990). This property was associated with
the ability to produce PI-PLC (Mournier er al., 1990), whose gene, plcA, encodes a
protein of approximate molecular weight 36 kDa (Camilli er al, 1991; Leimeister -
Wachter et al., 1991; Mengaud er al., 1991). The protein shows approximately 30 %
amino acid identity to the PI-PLC of Bacillus thuringiensis and Bacillus cereus (Low,
1990) and like these other enzymes it has been suggested that PI-PLC hydrolyses Pl and
glycosyl-PI anchored proteins of the phagolysosomal membrane facilitating lysis of the
membrane by LLO (Goldfine & Knob, 1992). Interestingly, these proteins are only
produced by the pathogenic species of the genus Listeria, namely, L. monocytogenes and

L. ivanovii (Notermans et al., 1991).

The exact role of this enzyme in vivo was investigated (Camilli er al., 1991; Mengaud et
al., 1991) using plcA insertional mutants which were shown to have reduced virulence in

mice, however, these latter workers proposed that the reduction in virulence may actually
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be due to a polar affect of the mutation on the downstream regulatory element prfA
(Mengaud er al.. 1991). More recent studies (Camilli et al., 1993; Smith et al., 1995;
Marquis et al., 1995) have involved in-frame deletion mutations in order to minimise the
polar effect of the mutation on downstream genes. They found a clear correlation of the

absence of PI-PLC with a decreased ability to lyse host vacoules.

The overall implications from these various reports are that PI-PLC is an important
virulence determinant of L. monocyvtogenes, and acts in combination with LLO to lyse
vacoular membranes, although the importance of each may vary depending on the cell

type invaded (Marquis et al., 1995; Goldfine et al., 1995).

1.3.3.1.3 Metalloprotease (mpl)

The gene which encodes the metalloprotease is designated mpl and lies immediately
downstream from the hl/y gene and was shown to be found only in pathogenic strains of
L. monocvtogenes (Domann et al., 1991). The mpl gene product has been detected in
culture supernates as a 60 kDa protein, which represents the immature, inactive form of
the protein while the mature form could only be isolated from one strain, NCTC 7973
(Domann et al., 1991). The metalloprotease contains significant amino acid homology to
a family of metalloproteases of which thermolysin from certain Bacillus species is the
prototype (Domann et al, 1991; Mengaud et al, 1991). Insertional mutations in mpl have
been shown to exert a polar effect on uctA and plcB (Mengaud er al., 1991; Raveneau et
al., 1992; Poyart et al., 1993) and consequently have hampered attempts to assign an
exact role of this gene product in listerial virulence. Some reports, however, have
suggested that mp/ mutants have reduced virulence and are only capable of producing a

33 kDa form of the lecithinase protein (see below), implying that the metalloprotease

18



may be involved in proteolytic processing of lecithinase (Poyart er al., 1993; Marquis et

al., 1995).

1.3.3.1.4 Lecithinase (plcB)

The lecithinase encoding gene, plcB, predicts a protein of 289 amino acids with sequence
similarity to phosphatidylcholine (PC)-PLC of B. cereus and Clostridium perfringens
(Vazques-Boland er al., 1992). Listerial lecithinase is a broad spectrum PLC with the
ability to catalyse hydrolysis of PC, phosphatidylethanolamine (PE), glycosyl-PI, to a
lesser extent sphingomyelin and very weakly Pl (Geoffroy et al., 1991; Goldfine er al.,
1993). Two forms of the enzyme have been described: an inactive form equivalent to a
33 kDa protein and an active form represented by a 29 kDa protein (Neibuhn et al.,
1993). The 29 kDa protein is thought to be produced by cleavage of the 33 kDa protein
by metalloprotease (Poyart er al., 1993). The ability to produce lecithinase is associated
with virulence and pathogenic listenal strains and is influenced by various environmental

parameters including temperature, salt and pH (Sheenan et al., 1994).

Transposon mutagenesis studies have provided evidence to support the role of lecithinase
in the breakdown of the double membrane which surrounds the bacteria during cell-to-
cell spread (Vazques-Boland er al., 1992). Transposon mutants of plcB were shown to
produce smaller plaques than the wild type on fibroblast monolayers. However, the fact
that the mutant still produced plaques suggested that other factors are involved, namely

LLO and PI-PLC (Marquis ez al., 1995).
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1.3.3.1.5 Protein p60 (iap)

The iup gene of L. monocvtogenes encodes a major extracellular protein of 60 kDa, p60
(Kuhn & Goebel, 1989; Kohler er al., 1990). Studies of mutants which produced reduced
levels of p60 and also formed cell filaments showed them to have impaired invasiveness
of cell lines in tissue culture (Sun et al., 1990; Goebel et al., 1991). Bacteria which form
these filaments have been referred to as rough (R) mutants (Kuhn & Goebel 1989; Kohler
et al., 1990) and have been found to occur spontaneously. Recent evidence suggested a
role for this protein in the adherence and invasion of mouse fibroblasts by L.
monocytogenes (Bubert et al., 1992; Wuenscher et al., 1993). Expression of p60 in B.
subtilus DB104 and Salmonella tvphi (Wuenscher et al., 1993; Hess et al., 1995), both of
which have the same characteristics as rough L. monocytogenes mutants, led to a
disruption of the cell chains normally produced by these strains and also a promotion of
invasion of various cell types by these otherwise non-invasive rough mutants. Thus, p60
can be considered an important listerial virulence determinant, involved in invasion of
host cells, although it may also be an important housekeeping gene as complete

inactivation of this gene causes the cells to lose viability (Wuenscher ez al., 1993).

1.3.3.1.6 Catalase and superoxide dismutase (SOD)

It has been postulated that catalase and SOD of L. monocytogenes may be regarded as
virulence factors because of their ability to inactivate reactive molecules, O>~ and H»O»,
produced during the hosts immune response. The genes encoding a catalase from L.
seeligeri and SODs from L. monocytogenes and L. ivanovii have been cloned (Haas et al.,
1991; Brehm et al., 1992). The SOD encoding genes predicts a 202 amino acid protein
with strong homology to SODs of other bacteria including, Staphylococcus aureus and

Streptococcus pneumoniae (Poyart et al., 1995). The gene is also conserved among other
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Listeria species, although vanation in the overall amount of protein produced by the
different species does occur (Vasconcelos& Deneer, 1994). The importance of catalase
in the pathogenicity of L. monocyvtogenes was investigated using transposon mutagenesis
and the results suggested that catalase-negative mutants were less virulent (Leblond-
Francillard er al., 1989). However, further experiments are certainly required to confirm

the role of both these enzymes in the pathogenesis of listeriosis.

1.3.3.2 Cell surface components

1.3.3.2.1 Internalin (inlA)

Invasion of host epithelial cells is a major step in the pathogenesis of listeriosis and a
factor responsible for this invasion has been identified (Gaillard et al., 1991).
Transposon insertion upstream of a genomic locus named in/ resulted in L.
monocytogenes being unable to invade cultured epithelial cells and also, introduction of
the gene inlA into L. innocua enabled this non-invasive species to invade epithelial cells
(Portnoy er al., 1988). The inlA gene encodes internalin, an 800 amino acid protein
which belongs to a family of surface proteins of which S. pvogenes M protein is a
member (Fischetti er al., 1990). Characteristic features such as a signal sequence, two
different repeat regions, a carboxy-terminal hydrophobic region and a hexapeptide
CPTTGD, together with Western blot analysis and immunogold labelling, suggested that

internalin is a cell wall associated protein (Gaillard et al., 1991; Dramsi et al., 1993).

The other gene of the in/ locus, inlB, lies downstream and is cotranscribed with inlA. It
encodes a 630 amino acid protein with very similar features to the in/A protein except for
the carboxy terminal region which serves to guide the in/A gene product to the cell wall

(Navarre & Schneewind, 1994). The role of internalin in vivo was assessed using
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isogenic mutants and the result showed that both inlA and in/lB mutants had reduced
virulence compared with the wild type (Dramsi er al., 1994). Recently, other genes with
homology to inlA have been identified in L. monocytogenes and it has been suggested
that this family of internalin genes encodes surface proteins with different specificities for

different cell types (Dramsi er al., 1994).

1.3.3.2.2 Monocytosis producing agent (MPA)

The importance of MPA in listerial pathogenicity is not fully understood although the
characteristic monocytosis which occurs in animal listeriosis was shown to be induced by
this factor. However, in humans MPA does not induce monocytosis although it is known
to damage macrophages (Shum & Galsworthy, 1982). Earlier work reported that the
MPA is in fact a lipid of molecular weight 1.0 kDa which is found associated to the
plasma membrane (Galsworthy et al., 1977) but to understand its role in virulence further

studies have to be performed.

1.3.3.2.3 Delayed-type hypersensitivity (DTH) reaction (ImaBA operon)

The ImaA gene was shown to encode a 20 kDa cell wall-associated protein which was
capable of inducing a specific delayed-type hypersensitivity reaction (Gohmann et al.,
1990). Pathogenic and non-pathogenic strains of Listeria are able to induce this DTH
reaction although the /maA gene is found uniquely in pathogenic species, L.
monocvtogenes and L. ivanovii (Hof & Chatzipanagiotou, 1987). This suggested that
other factors, in addition to /maA gene product, are likely to be involved in eliciting this
reaction. The /muB gene encodes a 14 kDa polypeptide although the precise role of the

ImuBA operon remains to be determined (Portnoy et al., 1992).
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1.3.3.2.4 Immunosuppressive agent (ISA)

ISA is a cell surface component of L. monocytogenes and was recognised due to the fact
that spleen cells from Listeria-infected animals were unable to synthesise antibody (Kim
et al., 1976). ISA is composed of amino acids, carbohydrate. phosphorous, glycerol and
has a molecular weight of 150 kDa and has been reported to act, in vivo, as a B-cell
mitogen, stimulating the production of suppressor T-cells (Galsworthy, 1987). A full

understanding of its role in listerial pathogenicity awaits further investigations.

1.3.3.2.5 actA

The final virulence determinant to be discussed here is that which is encoded by the actA
gene, the second gene of the lecithinase operon - see Figure 1.1 (Vazques-Boland er al.,
1992). The sequence of actA predicts a protein of approximately 610 amino acids, with a
molecular weight of 90 kDa, which is found at the surface of the cell (Domann et al.,
1991). Transformation of an actA -negative mutant with actA on a plasmid has shown
that the gene product is involved in actin assembly. Also, actA mutants do not nucleate
the polymerisation of actin filaments (Kocks er al., 1995). Whether or not the protein is

actually an actin nucleator or has another function is not known.

Having discussed the various virulence factors produced by L. monocytogenes, it is
evident that the pathogenesis of this disease is multifactorial. This multifactorial nature
of disease is common throughout bacterial pathogens, where many factors are involved at
the different stages, some of these being more important and more fully understood than
others. The expression of these determinants at different stages in the pathogenesis of
disease has been shown to be highly influenced by environmental signals including

temperature, osmolarity, anaerobiosis, pH and iron (Maurelli, 1989; Griffiths, 1991;
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Mekalanos, 1992) suggesting that bacterial pathogens, including L. monocytogenes, must
be able to sense and adapt to the surrounding environments encountered at the different
stages in the pathogenesis of disease. In addition, they must also be able to acquire

nutrients essential for survival and proliferation in these environments.

1.4 IRON - ITS IMPORTANCE AND ACQUISITION

1.4.1 Iron and infection

One important nutrient which almost all bacteria have been shown to require for survival
and proliferation is iron (Otto ez al., 1992; Williams & Griffiths, 1992; Griffiths, 1993).
Non-pathogenic lactobacilli are the only microorganisms which have been shown to
survive in the absence of iron (Archibald, 1983). This metal is known to be an important
component of many bacterial enzymes including, ribonucleotide reductase, RNA
polymerase III, nitrogenase, cytochromes (Williams, 1990; Wooldridge & Williams,
1993), all of which are involved in cellular functions. The importance of iron is due to
the extremely wide redox potential conferred by the two forms of this ion (Neilands,
1981): ferric iron (Fe3+) and ferrous iron (Fe2+). In the presence of O», iron is oxidised
to the ferric state and may form insoluble ferric hydroxides, both forms of which are
insoluble. In mammalian hosts, iron is maintained in a soluble form by being bound to

carrier molecules or being reduced to ferrous iron (Weinberg, 1984).

Most animal and human hosts have developed iron-withholding mechanisms which are
able to provide essential iron to host cells but prevent invading microbes receiving the
iron (Weinberg, 1995). These iron-withholding mechanisms can be divided into two
main groups: (1) those which are constitutively expressed and (2) those which are

induced by microbial infection (Weinberg & Weinberg, 1995).
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Constitutively expressed iron-withholding components produced by mammalian hosts
include haemoglobin, haem, ferritin, haemosiderin which bind intracellular iron and
transferrin and lactoferrin which are responsible for binding extracellular iron in serum
and body fluids (Otto er al., 1992; Litwin & Calderwood, 1993). In mammals, most iron
is found intracellularly, complexed with haemoglobin (Otto et al.. 1992), although
following lysis of erythrocytes, haemoglobin and haem are released and have been found
to serve as iron sources for many bacteria. However, the released haemoglobin and haem
are rapidly bound by serum proteins, haptoglobin and haemopexin, respectively, and
removed from the circulation (Litwin & Calderwood, 1993). The amount of free iron
which occurs in normal human serum was reported as being 10-!8 M (Bullen e al.,
1978), a level which is bacteriostatic and presents problems for invading bacteria. It is
interesting that during microbial infection, humans reduce this already low level of iron
even further, in a series of reactions known as the hypoferraemic response (Weinberg,
1978; Weinberg, 1984). These reactions are thought to be mediated by interleukin-1 (IL-
1) and tumour necrosis factor alpha (TNF-a) (Dinarello, 1984; Beutler & Cerami, 1987)
and result in increased production of transferrin, lactoferrin and ferritin, with a

consequent reduction in free iron, both intra- and extracellularly (Weinberg, 1984).

The importance of this further reduction in available iron, in terms of resisting infection,
has been questioned (Brock & Mainou-Fowler, 1986). It is thought that lowering the
level of iron in the intracellular environments during the hypoferraemic response is of
greater significance than the reduction which occurs in the extracellular environment
because extracellular pathogens have been shown to use iron from intracellular

environments which are considered iron-rich (Brock er al., 1991).

The importance of iron in infection has also been demonstrated in numerous studies

which involved iniection of exogenous iron into animals to produce iron-overload. It was
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suggested that as a consequence of this iron-overload, these animals showed increased
susceptibility to bacterial infection (Sword er al., 1966; Bullen et al., 1978; Field et al.,
1986).  Likewise, humans who have suffered from haemochromatosis, chronic
transfusions, or oral iron overdose, all of which resulted in increased iron levels, become
more susceptible to bacterial infections (Blei & Pruder, 1993; Monno er al., 1994; Vadilo
et al.. 1994; Kessler er al., 1993). Thus, the in vivo environments of most healthy
mammals have restricted availability of iron which invading bacterial pathogens must

adapt to, and acquire iron from, if they are to survive and multiply.

1.4.2 Bacterial Iron Acquisition (excluding Listeria)

A number of mechanisms have been identified whereby bacteria sequester iron from host
iron-binding proteins and they can be broadly divided into two main groups: (1)
siderophore-dependent and (2) siderophore-independent mechanisms, as shown in Figure

1.2 (Griffiths et al., 1992).

The best understood mechanism involves the production of iron chelators, known as
siderophores. These molecules, produced by Gram positive and Gram negative bacteria
(Griffiths et al., 1992; Otto et al., 1992) are low-molecular weight proteins with a high
affinity for ferric iron and are able to sequester ferric iron from host transferrin and

lactoferrin making it available for use by the organism.

1.4.2.1 Siderophore-dependent iron acquisition

Siderophores are secreted by bacteria in response to iron deprivation and once complexed

to ferric iron which has been acquired from host iron binding proteins they are
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Figure 1.2. Bacterial iron uptake mechanisms. Simplified diagrams of siderophore-
dependent (A) and siderophore-independent (B) iron acquisition are shown. "sid"
represents the siderophore molecules while "Tf" represents transferrin. Transferrin is
used in these diagrams to represent a ferric iron chelator which could also be represented
by lactoferrin, haem or other iron chelators. These diagrams are described in more detail

in the text.
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transported back into the cell via specific outer membrane receptors which are themselves
also regulated by iron (Figure 1.2A). There are currently two chemically distinct types of
siderophores: (1) phenolates and (2) hydroxamates, examples of which are enterochelin
and aerobactin, respectively (Rogers et al., 1977; Payne, 1988). These are produced by
various members of the family Enterobacteriaceae. In E. coli, the genes responsible for
the biosynthesis, transport, and hydrolysis of enterochelin and aerobactin are found in
gene clusters which are regulated in response to surrounding iron levels by the fur gene
product (Neilands, 1981; Crosa, 1984). Similar systems have been identified in other
enteric bacteria including, Aerobacter aerogenes (Gibson & Magrath, 1969), Klebsiella
pneumoniae (Nassif & Sansonetti, 1986) and Shigella flexneri (Griffiths et al., 1985).
More recently, enterics such as Proteus, Providencia and Morganella, have been shown to
produce a-keto- and a-hydroxy acids which act in a similar manner to siderophores of

other bacteria (Dreschel er al., 1993), sequestering iron for bacterial usage.

Siderophore-dependent iron acquisition in non-enteric bacteria has been identified and
has been most widely studied in Vibrio, Pseudomonas, Mycobacterial and Staphylococcal
species. Vibrio anguilarrium has been shown to produce a phenolate siderophore,
anguibactin (Crosa, 1984) while Vibrio cholerae strains produce vibriobactin, also a
phenolate siderophore (Griffiths ef al., 1984). Pyoverdin and pyochelin are produced by
P. aeruginosa (Cox & Adams, 1985) while Sraphylococcal species produce
staphyloferrins (Konetschny-Rapp er al., 1990) and Mycobacterial species produce
mycobactin and exochelin (Stritharam & Ratledge, 1988). Cell receptors for these
siderophores have been identified (Sokol & Woods, 1983; Hall er al., 1987) and like
enteric siderophore receptors, their expression was shown to be repressible by iron
(Weinberg, 1989). Interestingly, it has been reported that some microorganisms are
capable of obtaining iron from siderophores which are not produced by themselves but by

other so-called “foreign” sources (Baig er al., 1986; Field et al., 1986; Williams et al.,



1990). A summary of the siderophores produced by various bacteria is shown in Table

1.4.

The importance of the two different types of siderophores for bacterial growth and
virulence has been investigated in E. coli (Brock et al., 1991). In vitro studies suggested
that enterochelin was a more effective siderophore than aerobactin as the stability
constant of ferric-enterochelin was significantly higher than that of ferric-aerobactin
(Bagg & Neilands, 1987). However, other investigators suggested that aerobactin was a
more efficient siderophore as it could stimulate bacterial growth at a concentration 500
times less than enterochelin (Braun er al., 1984). Brock et al., (1991) suggested that the
production of both siderophores would prove advantageous to the bacterium as they both
have affinities for different iron sources. In vivo, siderophores have been shown to be
important for virulence of a number of bacteria including, E. coli (Montgomerie ef al.,
1984), V. cholerae (Sigel et al., 1985), and P. aeruginosa (Cox, 1982). This association
of virulence with siderophore production was made due to the non-virulent characteristics
of siderophore mutants of different bacteria (Sigel et al., 1985) and to the increased
prevalence of siderophores in disease-associated bacterial strains (Carbonetti et al., 1986;

Jacobson et al., 1988)

1.4.2.1 Siderophore-independent iron acquisition

Not all pathogens are capable of producing siderophores, therefore it is not surprising that
siderophore-independent mechanisms have been identified. The best understood of these
and those which have attracted most research are those which involve expression of
membrane proteins, under iron restriction, which are specific for host transferrin or
lactoferrin molecules - see Figure 1.2B (Williams & Griffiths, 1992). This mechanism

has been identified in species belonging to the family Pasteurellaceae (Morton &
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Table 1.4. Mechanisms of iron uptake by bacterial pathogens

Mechanism

Species Siderophore- Siderophore-

dependent independent Reference
Escherichia coli enterochelin, ferric citrate, haem  Payne et al.,

aerobactin (1988)
Klebsiella enterochelin Nassif &

pneumoniae aerobactin Samson, (1986)

Salmonella spp. enterochelin Pollock &

aerobactin Neilands, (1970)

Serratia spp.

Shigella spp.

Mvcobacterium

smegmatis

Mycobacterium

leprae

Vibrio cholerae

Pseudomonas

aeruginosa

Staphylococcus

hyicus

a-keto/hydroxy-

acid

aerobactin

enterochelin

aerobactin

exochelin

mycobactin

exochelin

vibriobactin

pyoverdin, pyochelin

enterochelin

staphyloferrins A, B

a-ketoacids
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Kingsley et al.,
(1996)

Martinez et al.
(1987)

Stritharam &
Ratledge, (1988)

Hall et al.,
(1987)

Stoebner &
Payne, (1988)

haem, haemoglobin

Cox & Adam,
(1985)

Marcelis et
al., (1978)
Heuck et al., (1995)



Table 1.4 continued.

Mechanisms of iron uptake by bacterial pathogens

Mechanism
Species Siderophore- Siderophore-
dependent independent Reference
Neiserria haem, haemoglobin Genca &
meningitidis TBP, LBP Desai, (1996)
Neiserria aerobactin haem, haemoglobin Genca &
gonococci TBP, LBP Desai, (1996)
Haemophilus enterochelin haem, haemoglobin  Schryvers,
influenzae TBP (1989)
Actinobacillus TBP Ogunnariwo et
pleuropneumoniae al., (1991)
Aeromonas TBP, LBP Chart & Trust
salmonicida (1983)
Bordetella pertussis TBP, LBP Redhead et al.,
(1987)
Legionella reductant Johnson et al.,
pneumophila (1991)
Streptococcus mutans reductant Evans et al.,
(1986)
Bacillus subtilus reductant Gaines et al.,
(1981)
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Williams, 1989; Ogunnariwo et al., 1991; Ricard er al., 1991) and also in Neisseria
species, meningococci (Archibald & DeVoe, 1979) and gonococci (Norrod & Williams,
1978).

Transferrin and lactoferrin receptors of N. meningitidis and N. gonococci have been
shown to be specific for human transferrins and lactoferrins (Schryvers & Morris, 1988;
Schryvers & Lee, 1989). Two transferrin binding proteins (TBPs) of 98 and 70 kDa
(Schryvers & lee, 1989) and one lactoferrin binding protein (LBP) of 105 kDa
(Schryvers & Morris, 1988) have been isolated from N. meningitidis. The larger TBP is
highly conserved among different isolates while the smaller one varies both in
antigenicity and size (Genco & Desai, 1996). Similarly, in Haemophilus influenzae and
other Haemophilus species, two TBPs have been identified with sizes and properties
similar to those of N. meningitidis (Schryvers, 1989; Ogunnariwo et al., 1991; Genco &

Desai, 1996).

In other bacterial species, including Actinobacillus pleuropneumoniae (Gonzales et al.,
1990), Bordetella pertussis (Redhead et al., 1987), Aeromonas salmonicida ( Chart &
Trust, 1983) the ability to utilise transferrin or lactoferrin-bound iron has also been

documented. A list of TBP and/or LBP-producing organisms is shown in Table 1.4.

Other mechanisms of iron acquisition include (1) the ability to use iron bound to haem or
haemoglobin found in serum following lysis of erythrocytes (Perry & Brubaker, 1979;
Pidock et al., 1988), (2) the utilisation of iron bound to citrate (Payne, 1988), and (3) the
production of a ferric reductase capable which results in the release of the reduced ferric
iron from host iron binding proteins (Gaines et al., 1981; Evans et al., 1986; Johnson et

al., 1991) - see Table 1.4.
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1.4.3 Iron acquisition in L. monocytogenes

One of the earliest studies on the importance of iron for the growth of L. monocvtogenes
involved both in vitro and in vivo analysis of listerial growth under different iron
concentrations (Sword, 1966). A stimulatory effect on growth, proportional to iron
concentration, be it ferric iron (ferric ammonium citrate) or ferrous iron (ferrous
sulphate), was reported following in vitro analysis (Sword, 1966). In vivo, pre-injection
of mice with either ferric or ferrous iron, significantly reduced the LDsy of L.
monocytogenes and not surprisingly increased the bacterial numbers isolated from liver
and spleen tissues of these animals (Sword, 1966). Thus from this early period, the
importance of iron in relation to listerial growth and infection was apparent, however,
until the last decade no further investigations were performed. The studies which have
now been documented have led to a clearer but still incomplete understanding of iron

uptake by L. monocvtogenes.

The mechanisms employed by L. monocytogenes for acquiring iron appear to be
siderophore-independent. Cowart & Foster (1985) made extensive attempts to determine
whether L. monocvtogenes produced either hydroxymate or phenolate type siderophores.
Using modifications of standard techniques for siderophore identification (Csaky, 1948;
Armow, 1937) they were unable to detect any siderophores either in the bacterial culture
supernates or by analysing extracts of whole cells and concluded that L. monocytogenes
did not produce siderophores (Cowart & Foster, 1985). A recent study, however,
reported the ability of L. monocvtogenes to utilise iron bound to a variety of iron-
chelating compounds, including “foreign” bacterial siderophores (Simon et al., 1995). In
this study, it was reported that iron-starvation of L. monocytogenes, achieved by growing
the cells on agar treated with the iron chelator tropolone (Vidon & Spreng, 1992), caused

them to utilise iron bound to a variety of siderophores and catechols. This ability to
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utilise iron bound to these compounds was represented by areas of growth on the iron-
starved plates in the near vicinity of paper disks containing the siderophores or catechols
(Simon et al., 1995). It was suggested that this ability to utilise iron bound to “foreign”

siderophores accounted for the ubiquitous nature of L. monocvtogenes.

Other mechanisms of iron acquisition by this organsim include: (1) production of a
soluble ferric reductase, (2) utilisation of ferric citrate via a cell-surface citrate receptor
and (3) production of a transferrin binding protein. These mechanisms are represented in

Figure 1.3.

In 1985, Cowart & Foster first reported the production of an extracellular reductant from
L. monocytogenes which was capable of reducing iron bound to transferrin. They
followed the ferric reduction by using a ferrous iron chromogenic acceptor,
bathophenanthroline sulphonate(BPS) (Cowart & Foster, 1985) and found that slight
variation in reductase activity occurred between different strains but the overall activity
of the listerial reductant was more rapid than the reduction of ferric-transferrin by
dithionite (Kojima & Bates, 1973). A later study suggested that this reductant was a low
molecular weight protein of approximately 8-10 kDa which required NADH, flavin
mononucleotide (FMN) and Mg2+ as co-factors (Cowart et al., 1985). Adams et al.,
(1990) presented a diagrammatic model of the action of this reductant in listerial iron
acquisition (see Figure 1.3). In this model it was proposed that the extracellular reductase
donated electrons to FMN from NADH which then reduced ferric iron to ferrous iron.
Ferrous iron was then acquired by an energy-independent mechanism, uninhibited by 2,
4- dinitrophenol (DNP) (Adams et al., 1990). The importance of the co-factors for
reductase activity was also shown using a biochemical assay (Deneer & Boychuck, 1993;
Deneer et al., 1995) which involved the ferrous iron indicator ferrozine (Stookey, 1970).

Removal of these co-factors from the assay reaction resulted in a 50% reduction in
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Figure 1.3. Iron acquisition mechanisms of L. monocytogenes. This representation of
listerial iron acquisition is based on the diagram of Adams er al., (1990). Four main
mechanisms are indicated: (1) the production of a soluble reductase which requires
cofactors, Mg2+, FMN, NADH to reduce Fe3+ to Fe2+ which is then acquired into the
cell via a Fe2* cell receptor, (2) the presence of a transferrin receptor, (3) utilisation of
ferric citrate via a citrate receptor and (4) utilisation of siderophores produced by other

bacteria. Tf indicates transferrin; sid indicates siderophore.
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reductase activity (Deneer et al., 1995). This assay also allowed the effect of various
environmental conditions on ferric reductase activity to be assessed and it was shown that
while iron concentration had no effect on the reductase acitivity of L. monocytogenes,
low pH and anaerobic conditions greatly reduced the activity and low temperatures
increased it (Deneer er al., 1995). The relationship between the reduction of ferric iron
and listenal pathogenicity is still unclear, especially as non-pathogenic species have been
shown to possess ferric reductase activity (Deneer et al., 1995). However, a molecular
biological approach to study this ferric reductase has been adopted (H. G. Deneer,
University of Saskatchewan, Personal communication; this study) and the results may
lead to a further understanding of the role of the ferric reductase in listerial iron

acquisition.

The ability to utilise ferric citrate was demonstrated using radiolabelled [ 59Fe3+|citrate
(Adams er al., 1990). The uptake of |Fe3*|citrate by L. monocvtogenes was shown to
be directly related to citrate, as pre-incubation of the cells with citrate led to an inhibition
of uptake (Adams er al., 1990). The findings of this work suggested that ferric citrate
may be acquired via a citrate receptor, although the exact mechanisms thereafter for

transporting the iron into the cell are not known and require further investigations.

The latest mechanism of iron uptake in L. monocvtogenes to be identified was the
production of an 126 kDa transferrin binding protein (Hartford er al., 1993) which would
presumably be similar to those produced by the Pasteurellacae and Neisseria species
(Ricard et al., 1990; Archibald & DeVoe, 1979; Norrod & Williams, 1978). The L.
monocvtogenes TBP was not host specific as it could bind transferrins from human,
bovine and equine origin. The binding of the transferrins to the listerial protein was
visualised using transferrins conjugated to horseradish-peroxidase or alternatively to

biotin. However, in a similar study (Bhatt er al., 1994) the workers were unable to
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provide evidence to support the existence of the TBP and in contrast their findings
suggested that the 126 kDa protein was in fact a naturally biotinylated protein which had
an affinity for streptavidin and not transferrin. This aspect obviously requires further

investigations to clarify the existence or not of a listerial transferrin binding protein.

Figure 1.3 diagrammatically represents the mechanisms discussed here and provides a

simplistic up-to-date model for iron acquisition by L. monocytogenes.

1.5 TRANSPOSON MUTAGENESIS OF L. MONOCYTOGENES

As mentioned in the previous sections, transposon mutagenesis has proved a useful tool
fro identifying and characterising virulence determinants of L. monocvtogenes (Gaillard
et al., 1986; Kathariou er al., 1987; Khun er al., 1990). This relatively recent surge of the
use of transposon mutagenesis to study L. monocytogenes has been influenced by the
successful use of transposons in other Gram positive organisms including, Streptococcal
pvogenes, Enterococcus faecalis and B. subtilis (Youngman, 1987) In most studies,
banks of transposon mutants are screened for loss of a particular virulence trait and upon
identification of the appropriate mutant, the mutated gene can be cloned and the parental

gene subsequently isolated and studied (Finlay & Falkow, 1989; Macrina, 1984).

The first report of the use of transposon mutagenesis in L. monocytogenes (Gaillard et al.,
1986) employed the conjugative transposon Tn1545 from E. faecalis and this same
transposon was later used by other workers (Cossart, 1988; Leblond er al., 1989) to study
the listeriolysin O and catalase of L. monocytogenes. Another transposon from E.
faecalis, Tn916, which is very similar to 7n1545, has also been used successfully to
mutagenize L. monocvtogenes (Kathariou er al., 1987; Sun et al., 1990). Both these

transposons are self transmissible and transfer from E. faecalis to L. monocytogenes by
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conjugation which can be achieved using basic mating techniques (Gaillard er al., 1986).
Insertion of these conjugative transposons into the listerial chromosome requires
homologous sequences between the ends of the transposon and the sequences
surrounding the integral site (Clewell et al., 1988), however, this requirement often
results in transposon insertion at certain chromosomal regions referred to as hotspots
which ultimately reduces the randomness of insertion and so increase the number of

mutants necessary to represent a complete transposon library.

To overcome this problem of integration at hotspots on the chromosome, the non-
conjugative transposon Tn917, also from E. fuecalis, has been used to study various
listerial genes (Camilli er al., 1990; Cossart er al., 1989). The integration of this
transposon into the chromosome is much more random in nature and integration is not
site specific (Youngman er al., 1983). Tn917 also has the advantage of being much
smaller (5 kilo bases [kb]) than Tn1545 (25.3 kb) or Tn916 (16.4 kb) which ultimately
simplifies cloning and constructing a map of the chromosomal DNA flanking the
insertion. Thus, by exploiting these new generation of transposons (Cossart et al., 1989;
Camilli et al., 1990; Youngman, 1987) a better understanding of listerial iron acquisition

mechanisms may be achieved.
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AIMS



The aim of this investigation was to examine iron acquisition in L. monocytogenes
using molecular biology techniques. The investigation consisted of two main areas of

research:

(1) To study the listerial ferric reductase and identify the encoding gene(s).

(2) To identify gene(s) important for the growth of Listeria in low-iron environments.

The first aspect of the investigation was to involve the construction of a listerial
genomic library in E. coli and the screening for clones expressing ferric reductase
activity. A colourimetric assay was available for this purpose. The assay was also to
be used for screening a library of transposon mutants of L. monocytogenes for any
which lacked ferric reductase activity. It was hoped that identification of a ferric
reductase encoding gene would provide the starting point for future investigations of the

ferric reductase and its role in iron acquisition in L. monocytogenes.

The second aspect of the investigation was to identify gene(s) which were important for
the growth of L. monocytogenes in low-iron environments. The reason for aiming to
identify such genes was that they may have encoded proteins which were important for
the survival of Listeria in low-iron in vivo-like environments. A library of transposon
mutants of L. monocytogenes was to be screened for mutants with deficiencies in their
ability to grow in low-iron environments. The low-iron medium which was to be used
for screening the library was to be defined in the investigation. It was hoped that
identification of mutants with an inability to grow in low-iron environments would
provide the starting point for investigating further, the mechanisms by which L.

monocytogenes acquire iron both in vitro and in vivo.
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MATERIALS & METHODS



2.1 Bacterial strains and growth conditions

The strains used throughout this study are listed in Table 2.1 together with information

regarding the source of each strain and distinguishing characteristics.

All L. monocytogenes strains were routinely cultured at 37°C in tryptose soya broth
(TSB; Oxoid) or agar (TSA; Oxoid) supplemented where appropriate with antibiotics
(Sigma). Erythromycin (10 pg/ml), lincomycin (25 pg/ml) and tetracycline (20 pg/ml)
were added to the media for growth of L. monocytogenes DP-1.910 while erythromycin
and lincomycin were supplemented for growth of L. monocytogenes 7D and 9E. The

wild type strain L. monocytogenes 10403S had no antibiotic requirements.

While investigating the ferric reductase of L. monocytogenes, a modified form of TSA
was used. This is discussed in more detail below, in section 2.8 During selection of
iron-related insertion mutants from a 7n917-pLTV3 listerial library the minimal medium
of Trivett & Meyer (1971) and modified versions of this were used. Unmodified
Trivett & Meyer medium (1 1) consists of 4 salt solutions (A: K,HPO,, 8.5 g,
NaH,PO,.2H,0, 1.7g, NH,Cl, 500 mg; B: nitrolotriacetic acid, 480 mg, NaOH, 240
mg; C: FeCl;, 29 mg; D: MgSO,.7H,0, 410 mg), amino acids (L-cysteine, L-leucine
[100 mg], DL-isoleucine, DL-valine, DL-methionine, L.-arginine.HCl, L-histidine. HCI
[200 mg]), vitamins (riboflavin, 1 mg, thiamine.HCl, 1 mg, D-biotin, 100 ug, thioctic
acid, 10 pg) and glucose (2 g). Modified versions of this medium are described in

more detail in section 2.9 below.

When examining the haemolytic activity of L. monocytogenes it was necessary to grow
the bacteria on TSA containing 5% (v/v) sheep's blood. The appropriate antibiotics
were supplemented for observing the haemolytic activity of L. monocytogenes 7D and

9E.



Table 2.1. List of Bacterial Strains

STRAIN GENOTYPE/CHARACTERISTIC SOURCEREFERENCE

L. monocytogenes
10403S wild type strain D. Portnoy

(University of Pennsylvania)

DP-1.910 10403S containing pLTV3 D. Portnoy
7D iron-related mutant This study
9E iron-related mutant This study
E. coli
DH5a supE44 AlacU169 (D80lacZAM15) Hanahan, (1983)

hsdR17 recAl endA1 gyrA96 thi-1 relAl

IM109 F' raD36 lacMA(lacZ)M15 proA*B*/ Yanisch-Perron
el4-(McrA-) A(lac-proAB) thi gyrA96 etal. (1985)
(Nal") endAl hsdR17 (rx - mkt) relAl

supE44 recAl

HB101 F' A(gpt-proA)62 leuB6 supE44 ara-14  Raleigh &
galK?2 lacY] A(mcrC-mrr) rpsL20 (Strf)  Wislon, (1986)
xyl-5 mtl-l recAl3

MCl1061 F- araD139 A(ara-leu)7696 galE15 Wertman et al.
galK16 A(lac)X74 rpsL (StrT) hsdR2 (1986)
(rk-mkt) mcrA mcrBl
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Escherichia coli strains were cultured at 37 C in Luria broth (LB: 10 g tryptone; 5 g
yeast extract; 5 g sodium chloride [NaCl]) with the addition of 1.5% (w/v) agar (LA) as
required. When necessary, antibiotics were added to the media - kanamycin (20 pg/ml
for the growth of E.coli strains containing pJM1 or pJM2; ampicillin (100 pg/ml) for
the growth of E.coli strains containing pTTQI8, pBluescript or pJM6, pJM7 and
pJMO.

2.2 Plasmids

A list of the plasmids used or constructed during this study can be seen in Table 2.2.
Plasmids pTTQ18 and pBluescriptSK where obtained from departmental stocks while

pLTV3 was obtained from Dr D. Portnoy, University of Pennsylvania.

All plasmids designated pJM were constructed during the course of this study and are

described in more detail in the Results sections which follow.

2.3 DNA extraction and purification

During this study, small and large scale extraction of various plasmids were performed.
In addition, isolation of chromosomal DNA from L. monocytogenes was carried out

regularly.

2.3.1. Small scale plasmid extraction

Plasmid extractions were performed as described by Sambrook et al (1989).
Stationary phase bacterial cells (1.5 ml) were harvested by centrifugation at 13,000 rpm
for 1 min in an MSE Microcentaur bench top microfuge. The pellet was resuspended in
100 pul of ice-cold Solution I (0.01 M diaminoethanetetra-acetic acid disodium salt
[EDTA,; pH 8.0}; 2% (w/v) glucose; 0.05 M Tris-HCI [pH 8.0]) containing 10 mg/ml
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Table 2.2. List of Plasmids

PLASMID CHARACTERISTICS REFERENCE

PTTQI8 High copy number E.coli vector; ; Stark, (1987)

ampicillin resistance; blue-white selection

pBluescriptSK As above Short et al., (1988)

pLTV3 Carrrier of Tn917::lac fusion Camilli et al. (1990)
(see Figure 3.15)

pIM1 Based on pLTV3; contains 5.5 kb This study
listerial DNA

pIM2 Based on pLTV3; contains 0.5 kb This study
listerial DNA

pIM6 pBluescript containing 6 kb listerial DNA This study

pIM7 pBluescript containing 0.8 kb listerial DNA  This study

pIM9 pBluescript containing 0.7 kb listerial DNA  This study
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lysozyme. Following incubation on ice for 30 min, 200 ul of Solution II (0.2M
sodium hydroxide [NaOH]; 1% (w/v) sodium dodecyl sulphate [SDS]) was added and
incubation continued for a further 5 min before the addition of 150 ul of ice-cold
Solution III (11.5% (v/v) acetic acid; 3 M potassium acetate). After incubating, on ice
for 20 min, the cell debris was removed by centrifugation at 13,000 rpm for 5 min in a
Microcentaur microfuge. Phenol:chloroform extraction of the 400 ul supernate was
performed by the addition of 400 gl phenol:chloroform (1:1) followed by vigorous
mixing using a bench vortex (Gallenkamp). Centrifugation at 13,000 rpm for 5 min in a
Microcentaur microfuge was performed. After a single chloroform extraction, the DNA
was precipitated from the aqueous phase by the addition of 0.1 volumes of 3 M sodium
acetate (pH 5.2) and 2.5 volumes of 100% ethanol. After a 30 min incubation period at
-20°C, the DNA was recovered by centrifugation at 13,000 rpm for 20 min in a

Microcentaur microfuge, dissolved in 50 ul of sterile nanopure H20 and stored at 20°C

until required.

2.3.2 Large scale plasmid extraction

2.3.2.1 Polyethylene glycol (PEG 8000) precipitation

For large scale plasmid extractions (Sambrook et al., 1989), 400 ml of stationary phase
cells were harvested by centrifugation at 8,000 rpm for 10 min at 4°C in a Sorval RC-
5B centrifuge, Sorval GSA rotor. The pellet was resuspended in 10 m! of ice-cold
solution I and incubated, on ice, for 30 min. Solution II was added (20 ml), mixed
gently, and incubated for a further 10 min on ice, followed by the addition of 15 ml of
ice-cold Solution III and a further 10 min incubation and centrifugation at 16,000 rpm
for 30 min at 4 C in a Sorval RC-5B centrifuge, Sorval SS-34 rotor. The DNA was
precipitated by the addition of 12 ml of isopropanol and after an incubation period of 15
min at room temperature (25°C) the DNA was recovered by centrifugation at 8,000 rpm

for 20 min at 20 C in a Sorval RC-5B centrifuge and dissolved in 3 ml of TE buffer



(Tris - EDTA buffer: 1 mM EDTA [pH 7.8]; 10 mM Tris-HCl [pH 8.0]). High-
molecular-weight RNA was precipitated from the DNA by the addition of 3 ml of ice-
cold 5 M lithium chloride and centrifuged at 10,000 rpm for 10 mins at 4°C in a Sorval
RC-5B centrifuge. The remaining DNA in the supernate was again precipitated using
isopropanol (12 ml) and recovered by centrifugation at 10,000 rpm for 10 min at 20°C.
After washing the DNA pellet with 70% (v/v) ethanol, it was dissolved in 500 ul of TE
buffer (pH 8.0) containing DNase-free pancreatic RNAase (20 pg/ml) and following
incubation at room temperature for 30 min, 500 ul of 1.6 M NaCl containing 13% (v/v)
PEG 8000 was added, mixed well and plasmid DNA recovered by centrifugation at
13,000 rpm for 5 min at 4 C in a Microcentaur microfuge. The pellet of plasmid DNA
was dissolved in 400 ul of sterile nanopure H20 and extracted once with Tris-saturated
phenol (Fisons), once with phenol:chloroform (1:1) and once with chloroform as
described in the previous section. The DNA was precipitated from the aqueous phase
by adding 0.1 volumes of 3 M sodium acetate (pH 5.2) and 2.5 volumes 100%
ethanol. After a 30 min incubation at -20 C the DNA was recovered by centrifugation
at 13,000 rpm for 20 min in a Microcentaur microfuge. The pellet was dissolved in

500 ul of sterile nanopure H20 and stored at -20'C until required. The DNA

concentration of the preparation was calculated as described in Section 2.4.3 below.

2.3.2.2 Qiagen column extraction of plasmid DNA

An alternative procedure for purifying large amounts of plasmid DNA was to use
Qiagen Maxi columns (Qiagen Ltd, UK) and the protocol provided with the kit.
Essentially, 500 ml of stationary phase cells were harvested by centrifugation at 6,000
rpm for 15 min at 4°C in a Sorval RC-5B centrifuge, GSA rotor, and the resulting
pellet was resuspended in 10 ml of Resuspension Buffer P1 (50 mM Tris-HCl, pH 8.0;
10 mM EDTA) containing 100 pg/ml RNase A. After mixing thoroughly, 10 ml of
Lysis Buffer P2 (200 mM NaOH; 1% SDS) was added and incubated at room
temperature for 5 min after which 10 ml of Neutralization Buffer P3 (3 M potassium
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acetate, pH 5.5) was added and incubation continued, on ice, for 20 min. Cell debris
was removed by two centrifuation steps at 13,000 rpm for 30 min at 4°Cin a
Microcentaur microfuge. Meanwhile a Qiagen-tip 500 was equilibrated with 10 ml of
Buffer QBT (750 mM NaCl; SO0 mM MOPS, pH 7.0; 15% (v/v) ethanol; 0.15% (v/v)
Triton X-100) at room temperature. The supernate was then added to this equilibrated
column and allowed to pass through by gravity flow, after which 2 X 30 ml of Wash
Buffer QC (1 M NaCl; 50 mM MOPS, pH 7.0; 15% (v/v) ethanol) was passed through
the column. The plasmid DNA on the column was then eluted by adding 10 ml of
Elution Buffer QF (1.25 M NaCl; 50 mM Tris-HCl, pH 8.5; 10% (v/v) ethanol) to the
column and collecting the eluate. The DNA was precipitated from the aqueous phase
by adding 7 ml of isopropanol and collected by centrifugation at 11,000 rpm for 30 min
at4 C in a Sorval RC-5B centrifuge, SS-34 rotor, washed once with 70% (v/v) ethanol

before being resuspended in 2 ml of sterile nanopure H2O. DNA concentration was

calculated as in section 2.4.3.

2.3.3 Chromosomal DNA extraction

The method used for extracting chromosomal DNA from L. monocytogenes was
essentially as described by Flamm ez al. (1984). An overnight bacterial culture (10 ml
TSB) was harvested by centrifugation at 13,000 rpm for 10 min at 4°Cin a Sorval RC-
5B centrifuge, SS-34 rotor, and washed twice with 5 ml of 0.1X SSC (1X SSC: 0.15
M Na(l; 0.015 M trisodium citrate [pH 7.0]). The resulting pellet was resuspended in
1 ml of 0.01 M sodium phosphate buffer (pH 7.0) in 20% (w/v) sucrose containing 2.5
mg/ml lysozyme (Sigma) and incubated for 45 min at 37°C. Following this, 9 ml of
1% (w/v) SDS was added together with 1 mg/ml proteinase K and incubation continued
for 30 min. This solution was repeatedly phenol:chloroform (1:1) extracted until no
white protein precipitate formed at the interface. Ten millilitres of phenol:chloroform
were added and mixed thoroughly before centrifugation at 4,000 x g for 15 min at 4C

in a Hereaus low-speed centrifuge. The DNA was precipitated from the aqueous layer



by the addition of 0.1 volume of sodium acetate (pH 5.2) and 2.5 volumes ice-cold

ethanol, collected by spooling onto a glass rod, air-dried and dissolved in 1 ml of sterile
nanopure H20. The DNA was stored at -20°C until required.

2.3.3.1 Size selection of chromosomal DNA fragments

For construction of the partial genomic libraries, 2-5 kb and 6-9 kb chromosomal DNA
fragments were required. After digestion with Sau3A, a maximum of 200 ng of DNA
were loaded onto a 13.5 ml sucrose gradient. The gradient was formed by freezing a
solution of 20% (w/v) sucrose in buffer (20 mM Tris-HCl [pH 8.0]; 1 M NaCl; 5 mM
EDTA [pH 8.0]) for at least 2 hrs and then thawing overnight at 4°C. After the gradient
had formed, the DNA was added, centrifuged at 26,000 rpm for at least 16 hrs at 4C
in an OTD Combi Ultracentrifuge using a Sorval, AH-527 swing-out rotor. The tube
was punctured and the gradient was dripped into approximately 30 x 0.5 ml aliquots
and every third aliquot analysed by gel electrophoresis. After determining which
aliquots contained the appropriate DNA fragments, they were pooled together and
dialysed overnight in TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0 ) at 4 C,

ethanol precipitated and dissolved in 30 yul of sterile nanopure H20O. The concentration

of DNA was calculated as described in section 2.4.3.

2.4 Routine DNA manipulations

2.4.1 Agarose gel electrophoresis

Separation of DNA fragments of different sizes involved electrophoresis on agarose
gels. The concentration of agarose (SeaKem) used depended on the size of the
fragments being separated. 0.7% (w/v) agarose in TAE buffer (40 mM Tris-acetate; 1
mM EDTA; pH 7.8) was used to separate fragments greater that 3 kb, while fragments

less that 3 kb were separated by 1% (w/v) agarose gel electrophoresis. Electrophoresis
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was performed in TAE buffer containing 0.5 pg/ml ethidium bromide. DNA samples
and molecular weight markers (1 kb ladder, or bacteriophage lambda DNA digested
with Hindlll or Xhol, [Gibco BRL]) were mixed with loading buffer (0.25% (w/v)
bromophenol blue; 0.28% (w/v) xylene cyanol FF; 15% (w/v) Ficoll Type 400
[Pharmacia]) prior to electrophoresis and visualised afterwards using a long-wave

ultraviolet transilluminator.

2.4.2 Extraction of DNA from agarose gels

2.4.2.1 Sephaglas Bandprep Kit (Pharmacia)

Essentially, the extraction was performed as described in the manufacturers instruction
booklet. The band of interest was excised from the gel and dissolved in Gel Solubiliser
solution (sodium iodide buffered with Tris-HCl [pH 8.0]) at 65°C for 5 min.
Sephaglas BP was added (5 ul/ug DNA) and continually mixed on a rotary wheel for 5
min at room temperature. The DNA bound to the Sephaglas BP was collected by
centrifugation at 13,000 rpm for 15 seconds in a Microcentaur microfuge and washed
twice in Wash solution (20 mm Tris-HCI, [pH 8.0]; 1ImM EDTA; 0.1 mM NaCl; 18%
(v/v) ethanol). The DNA was eluted from the air-dried Sephaglas pellet using 15 ul of
Elution buffer (10 mM Tris-HCI, [pH 8.0]; 1 mM EDTA) and stored at -20°C until

required.

2.4.2.2 Low melting point agarose (LMP)

An altemative method used for extracting DNA from agarose gel slices was the use of
LMP agarose as described by Sambrook et al. (1989). DNA samples (1 to 2 ug) were
separated through 0.7% (w/v) LMP (Gibco, BRL) agarose in TAE buffer and

visualised using a long wavelength UV transilluminator. The band(s) of interest were

excised and added to 5 volumes of nanopure H2O. After an incubation of 5 min at



65°C, the solution was extracted once with Tris-HCl saturated phenol, once with
phenol:chloroform (1:1) and once with chloroform. The DNA was precipitated by the
addition of 0.1 volume 3M sodium acetate (pH 5.2) and 2.5 volumes of ethanol

(100%) and collected by centrifugation at 13,000 rpm for 20 min at 4C in a

Microcentaur microfuge. The DNA pellet was dissolved in sterile nanopure H20 and

stored at -20 C until required.

2.4.3 Calculating DNA concentration and purity

DNA concentration was calculated as described by Sambrook et al. (1989). For a
known volume of DNA, the optical density at 260 nm (OD2¢(0) was recorded and the

value obtained was applied to the following equation to give DNA concentration as

pg/ml:

OD60 x 50 x dilution factor

where 50 represents a conversion factor based on 50 ug/ml of double stranded DNA

giving an OD260 of 1. The purity of the DNA was also checked by recording the
OD2go of the DNA sample. A ratio OD260:0D280 of 1:8 suggests the DNA sample is

pure while a ratio of less than 1:8 is suggestive of protein or phenol contamination.

2.4.4 Endonuclease restriction of DNA

All restriction endonucleases used in this study were obtained from Gibco (BRL) and
cleavage of the DNA was performed according to the supplier's recommendations.
Essentially, 0.5 to 1 unit of enzyme was used to digest 500 ng of DNA in a reaction
volume of 20 ul. Digestion was allowed to continue for 1 hr at 37 C before inhibition

of enzyme reaction either by heating to 65°C or by phenol:chloroform extraction.
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2.4.5 Dephosphorylation of plasmid DNA

Endonuclease digested plasmid DNA was often required to be dephosphorylated. Calf
intestinal alkaline phosphatase (CIAP) was obtained from Promega and
dephosphorylation performed as described in the manufacturer's leaflet. Plasmid DNA
(10 pmoles of 5' termini) was treated with 0.1 unit of CIP using the reaction buffer
provided by the supplier. Following a 30 min incubation at 37°C a further 0.1 unit of
CIP was added and incubation continued for a further 30 min at 37 C. The reaction
was stopped by phenol:chloroform extraction and the DNA precipitated as described

previously in section 2.3.1.

2.4.6 DNA ligation

DNA ligation was carried out at room temperature for 24 hrs using T4 DNA Ligase
(Gibco BRL) and the accompanying ligase buffer. The amounts of vector and insert
used varied between ligations but were determined essentially as described by
Sambrook etal. (1989). In certain areas of the study, an alternative method for DNA

ligation was used. However, this is discussed in more detail in Section 3.5.

2.5 Transformation of E. coli by electroporation

2.5.1 Preparation of electrocompentent cells

The method used for electrocompetent cell preparation was described by Dower et al.
(1988). A fresh overnight culture (10 ml LLB) was used to inoculate 1 L of LB and
incubation was continued at 37 C with vigorous shaking until the cells reached mid-
logarithmic phase (ODgpQ 0.5 to 1.0). The cells were then chilled on ice for 30 min
before harvesting by centrifugation at 6,000 rpm for 15 min at 4°C in a Sorval RC-5B

centrifuge, GSA rotor. The resulting cell pellet was resuspended in ice-cold sterile



nanopure H20 and centrifuged at 6,000 rpm for 20 min at 4°C in a Sorval RC-5B

centrifuge, SS-34 rotor. This step was repeated twice more and was followed by one
wash with ice-cold 10% (v/v) glycerol. The final cell pellet was resuspended in 1 ml of
ice-cold 10% (v/v) glycerol and the competent cells were stored in 40 ul aliquots at -

70°C until required but for no longer than 6 mths.

2.5.2 Electro-transformation of E. coli

Aliquots of electrocompetent cells were thawed on ice immediately before use and to the
40 pl of cells, 2 pl of DNA (0.2 ug) were added and mixed. These were then added to
an ice-cold 0.2 cm3 electroporation cuvette (BioRad) and placed in the safety chamber
of the BioRad Gene Pulser and Pulse Controller apparatus (Dower et al., 1988). After
adjusting the setting to 25 uF, 2.5 kV and 200 Q, the cells were given a single pulse
and allowed to recover by the addition of 1 ml of SOC medium (2% (w/v) tryptone,
0.5% (wlv) yeast extract; 10 mM NaCl; 10 mM magnesium chloride, 10 mM
magnesium sulphate, 20 mM glucose, 2.5 mM potassium chloride) followed by an
incubation period of 1 hr at 37°C. Transformants were obtained by plating onto

selective agar.

2.6 Construction of a partial genomic library of L. monocytogenes

10403S

Genomic DNA fragments from L. monocytogenes 10403S were cloned into the vector
pTTQ18 and transformed into E.coli to create a listerial genomic library in E.coli. The
chromosomal DNA from L. monocytogenes was partially digested with Sau3A to give
maximum fragments either in the 2-5 kb or 6-9 kb region and after purification by using
the Bandprep Kit (BioRad) or a sucrose density gradient (see Section 2.3.3.1 and
2.4.2) were ligated into pTTQ18 using T4 DNA Ligase.
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The vector was BamHI restricted and dephosphorylated using CIP. The efficiency of
dephosphorylation was examined by comparing the electrophoretic profiles of
phosphorylated and dephosphorylated DNA which had previously been incubated
overnight at room temperature with T4 DNA Ligase. Transformation of this self-
ligated phophorylated and dephosphorylated plasmid DNA into E. coli was also

performed and the numbers of transformant obtained were compared.

Following ligation of the chromosomal DNA fragments of either 2 -5 kb or 6 - 9 kb
into the BamHlI-restricted dephosphorylated pTTQ18, plasmid mini preparation were
performed on 12 random transformants to examine the overall percentage of total
transformants which possessed chromosomal DNA inserts. The plasmid DNAs were
digested with BamHI and the electrophoretic profiles obtained were compared with the

profile of BamHI restricted pTTQ18.

2.7 Transposon mutagenesis of L. monocytogenes

Transposon mutagenesis of L. monocytogenes was performed using the method
described by Camiilli ez al., (1990). L. monocytogenes 10403S (DP-L910) containing
the plasmid pLTV3 was grown at 42°C for 24 to 48 h on TSA with erythromycin,
lincomycin at concentrations described in section 2.1. This induced transposition of the
Tn917 derivative from pLTV3 into the chromosome of the listeria. The frequency and
randomness of insertion of 77917 into the listerial chromosome was assessed by A. L.
Passos (Department of Microbiology, University of Leicester) and the results obtained

are discussed in more detail section 3.1.

2.8 Screening for the listerial ferric reductase

The biochemical assay used to screen both the genomic library and the transposon

library of mutants for the listerial ferric reductase was first described in L.
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monocytogenes by Deneer & Boychuck (1992). The assay utilises the ferrous iron
chelator, ferrozine (3-[2-pyridyl]-5-6, bis-[4-phenyl sulfonic acid] -1,2,4 -triazine;
Sigma) which was described by Stookey (1970). Binding of ferrous iron, the reduced
product of ferric iron, to the chelator, results in a change in colour from white to deep

red in the medium surrounding the bacterial colony.

2.8.1 Screening the listerial genomic library for a ferric reductase-

positive E. coli clone

When screening the listerial genomic library for an E.coli transformant possessing
reductase activity, the transformants were patched onto a master plate and a test plate
and incubated overnight at 37°C. The master plate and the test plate were essentially
TSA which had been treated with conalbumin A (Sigma) to reduce the levels of free
iron (Gutteridge, 1987). After autoclaving the modified TSA, 100 ug/ml of ferric
ammonium citrate (Sigma), 20.8 mM ethylenediamine-di-(o-hydroxyphenylacetic acid)
[EDDHA; Sigma} and 100 pg/ml; ampicillin were added to both media. In addition, 20
ug/ml tetracycline and 25 ug/ml kanamycin were added to the master plate medium
while 10 pg/ml of IPTG (Sigma) were added to the test plate medium. The test plate
was used for the ferric reductase assay while the master plate was used as a reference
source of the clones examined and was maintained at 4 C. Bacteria inoculated onto

both plates were incubated at 37°C for 24 h.

Any bacterial growth on the test plate was overlain with 10 ml of indicator mix
consisting of 0.5% agarose, 10 mM magnesium chloride, 15 uM flavin
mononucleotide (Sigma) and 2 mM ferrozine. The overlain plate was incubated at 37°C
for 1 to 4 hrs during which time the appearance of a deep red colour surrounding the

colony was visible if reductase activity was present.

The assay was used initially to test for the presence of reductase activity in wild type
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strain L. monocytogenes 10403S and also to confirm the reductase negativity of the E.
coli strain DH5a, the strain into which the listerial DNA was transformed. In the
screening of the library, 100 individual transformants were patched onto each test plate.
The negative control, E. coli DH5a containing pTTQI18 was also plated onto this test
plate, while the positive control L. monocytogenes 10403S was plated onto the same

medium but without the addition of ampicillin.

2.8.2 Screening the transposon library of L. monocytogenes mutants

The ferric reductase assay was used to detect a ferric reductase negative mutant from a
library of transposon mutants of L. monocytogenes (section 2.7) The procedure for
screening was essentially the same as that used for screening the genomic library,
although in this case we were looking to identify a L. monocytogenes mutant which
lacked the ferric reductase activity and thus would appear white instead of deep red on
the test plate. The test medium was as described above except for the addition of

erythromycin and lincomycin to select for the transposon-containing listerial mutants.

2.9 Screening for transposon mutants defective in growth in low iron

The transposon library of L. monocytogenes mutants described in section 2.7 was also
used to identify mutants with a deficiency in their ability to survive in environments
with minimal iron levels. Essentially, a low-iron media were identified and inoculated
with individual L. monocytogenes mutants and their growth examined. These media
were modified forms of the medium of Trivett & Meyer (1971). The normal level of
ferric chloride (178 ym) in TM was ommitted and replaced with 1 um ferric chloride
(FeCl3) or 1 um ferrous sulphate (FeSO4) and the resulting media were designated
TM.Fe3+ and TmFe2+> respectively: These altered media provided the low-iron
environment in which the screening for mutants with a deficiency in ability to survive in

low-iron was to be performed. More detail, and a diagrammatic representation of this



screening procedure are given in section 3.2.

2.10 DNA hybridisation

DNA hybridisation were performed throughout this study. For example, DNA
hybridisation was used (1) to confirm transposon insertion in L. monocytogenes
mutants, (2) to construct restriction maps of various DNA fragments and (2) to confirm
the existence of chromosomal DNA from L. monocytogenes 10403S in various

plasmids.

2.10.1 Transfer of DNA to nylon filters by Southern blotting

DNA samples were separated on 0.6% (w/v) agarose gels as described previously
(Section 2.4.1) and photographed alongside a linear ruler. Southern blotting of the
DNA from the gel to the nylon membrane was performed as described by Southern
(1975). The DNA in the gel was partially depurinated by soaking in 300 ml of 0.25 M
HCI for 7 min. After rinsing in distilled H20 the gel was placed in 300 ml of

denaturing solution (0.5 M NaOH, 1.5 M NaCl) and soaked for 30 min, after which it
was rinsed in distilled H20 and placed in 300 ml neutralising solution (0.5 M Tris-HCl
[pH 7.5], 1.5 M NaCl, 1 mM EDTA) for 30 min. A platform for the gel was formed
inside a tray containing 20X SSC (3 M NaCl, 0.3 M trisodium citrate [pH 7.5]) and
consisted of a gel casting plate covered with 3 sheets of Whatman 3 mm filter paper
soaked in 20X SSC. The gel was placed on this platform and covered with the nylon
membrane (BDH) and 3 sheets of Whatman 3 mm paper which had all been previously
soaked in 3X SSC. On top of this arrangement a stack of paper towels and a 300 g
weight placed were placed and transfer was allowed to proceed overnight at room
temperature. After transfer was complete the nylon membrane was removed, air dried
and the DNA fixed to the membrane by exposing to UV light for 2-3 min. The

membrane was wrapped in clingfilm and stored at 4°C until required.
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2.10.2 Generating a radio-labelled DNA probe

DNA to be used to probe the DNA fixed to the nylon membrane was radioactively
labelled by random priming using the Pharmacia Ready-To-Go labelling kit. The
lyophilised reaction components (dATP, dTTP, dGTP, Klenow fragment of DNA

polymerase I and random 9-base long oligomers) were reconstituted in 20 ul of sterile

nanopure H20 for 10 min before the addition of approximately 50 ng of probe DNA.

Probe DNA was denatured by boiling for 5 min and placed on ice for 5 min prior to
mixing with the reaction mix. Immediately, 3 ul of [a-32P] dCTP (10 xCi; Amersham
International) was added to this reaction mix containing the probe DNA and the total
volume made up to 50 ul with sterile nanopure H20 and incubated at 37°C for 30 min
to 2 hrs. Before use, the radiolabelled probe DNA was denatured, as before, by

boiling and cooling on ice.

2.10.3 DNA-DNA hybridisation

All hybridisations in this study were performed under conditions of high stringency
(Sambrook et al., 1989). A pre-hybridisation step was performed for 2 hrs at 65 C
prior to hybridising with the radiolabelled probe. Twenty five milliliters of pre-
hybridisation solution (5X SSC; 5X Denhardt's solution [SOX Denhardt's: 1% (w/v)
Ficoll Type 400; 1% (w/v) bovine serum albumin; 1% polyvinylpyrolidone]; 0.5%
(w/v) SDS; 100 pg/ml denatured salmon sperm DNA) was added to the membrane and
incubated at 65 C for 2 hrs. Following this, the radiolabelled probe was added and
incubation continued for at least 12 hrs. Three high stringency washes were performed
by incubating the probed membrane in 0.1X SSC/0.1%([w/v] SDS at 65°C for 15 min
each time, after which the membrane was air dried, wrapped in clingfilm and placed

inside a developing cassette (Hybaid) alongside Cronex film (Dupont) for 4 to 24 hrs.



Films were developed in an Agfa-Geveart automatic film processor.

2.10.4 Stripping radiolabelled probes from nylon membranes

Occassionally, membranes were stripped of the radiolabelled probe to enable re-probing
of the fixed DNA with a different probe. Firstly, the membrane was washed with 0.1X
SSC at room temperature for 10 min. Three 15 min washes at 65 C with 1% (wlv)
SDS followed and the efficiency of the striping procedure was examined by exposing

x-ray film to the membrane to confirm for the absence of radiolabel.

2.11 Polymerase chain reaction (PCR)

In general, PCR reactions were based on the method of Saiki er al., (1988). Reactions
were carried out in S0 pl volumes containing, 100 - 500 ng of template DNA, 1 uM of
each primer, 200 M deoxynucleotides, X1 Taq polymerase buffer (20 mM Tris-HCl,
pH 8.3, 25 mM KCl, 0.05% (v/v) Tween 20), 3 mM MgCl2 and 1 U Taq polymerase
(Gibco, BRL). The reaction were overlaid with 30 xl mineral oil (molecular grade,
Sigma) and placed into a Perkin-Elmer model, 480, Thermal cycler to allow the PCR to
occur. The parameter of the thermal cycler were, 1 cycle at 94°C, 2 min; 30-40 cycles
at 94°C, 1 min, 55-60°C, 1 min, 72°C, 1 min; and 1 cycle at 72°C, 4 min. The PCR

reactions were stored at -20°C until required for analysis by gel electrophoresis.

A list of the primers used throughout this study is given in Table 2.3. Further
descriptions of the primers designed in this study are given in sections, 3.6 and 3.7
below. The primers were purchase from Gibco, BRL.

2.12 DNA sequencing

DNA sequencing was performed by automated sequencing using the PRISM Dyedeoxy
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Cycle Sequencing Kit on Model 373A Sequence System (Applied Biosystems).

2.12.2 Automated DNA sequencing

Sequencing was carried by The Nucleic Acid DNA Sequencing Laboratory, University
of Leicester, using the ABI 373A DNA automated sequencer (Applied Biosystems). In
the sequencing reactions double-stranded DNA template was used at a final
concentration of 100-500 ng/ul. Approximately 3.2 pmole of primer was used in a
cycle sequencing reaction which consisted of 25 cycles of 96°C, 30 sec, 50°C, 15 sec
and 60°C, 4 min. The ABI PRISM™ Dye Terminator Cycle Sequencing kit (Perkin
Elmer) was used in conjunction with the automated sequencer. This kit used dye-
labelled terminators to carry out enzymatic extension reactions for DNA sequencing.
The enzyme used is AmpliTaq DNA Polymerase FS (Applied Biosystems) which is a
modified version of Taq DNA polymerase. The dNTP mix used during extension
reactions included dITP rather than dGTP to minimise band compressions, which may
occur due to the stable base-pairing in GC-rich regions. The reaction products were
extracted once with choloroform to remove the mineral oil and ethanol precipitate. The
resulting product was washed twice in 70% (v/v) ethanol prior to analysis at The

Nucleic Acid Sequencing Laboratory, University of Leicester.

2.13 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE)

2.13.1 Preparation of crude membrane fractions

Crude membrane fractions of L. monocytogenes were prepared as described by Belyi et

dl., (1992). Bacteria were grown for 18 h at 37°C in 50 ml volumes of TSB, with

shaking at 180 rpm. The cells were pelleted by centrifugation in a Sorval RC-5B



Table 2.3. Table of oligonucleotide primers

PRIMER

SEQUENCE (5’-3’)

SIZE TM(°C) ORIGIN

ERM.PROX GCAATAACCGTTACCTGTTTGTGCC

ERM.DIST
FLAA
CHEV1
CHEV2

TN917-HI5

T3

ARGC1
ARGC2

GGCCTTGAAACATTGGTTTAGTGGG
GCAGCAACTGTAGAACCACTACCTA
TCGGCTTACTTACTTGTGCGTCGGC

GAAAATATGTTGCTTGGGCTTCGCG
ACGAAAATAACTAAACTCGCTTGGC
AATTAACCCTCACTAAAGGG

GTAATACGACTCACTATAGGGC
GCCTGGATTGGCAATGAGTTTCGC
TAAAGTTTTGCACTGCCTGACCGGC

25
25

25
25
25
20

22
24
25

62
61
59
63

62

This study
This study
This study
This study
This study
This study
Short et al.
(1988)
As above
This study
This study
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centrifuge, GSA rotor at 8,000rpm for 20 min at 4°C and washed once in 20 mM Tris-
HCI (pH 7.8). Bacterial cells were then resuspended in 5 ml of Tris- HC] (pH 7.8) and
lysed by sonication (MSE sonicator, 4-5 ym amplitude, 20kHz). Unbroken cells were
removed by centrifugation in a Sorval RC-5B centrifuge, GSA rotor, at 8,000 rpm for
30 min at 4°C and the supernate was centrifuged at 22,000 rpm for 60 min at 4°C to
pellet the cell membrane. The resulting pellet was resuspended in Tris-HCI (pH 7.8)
supplemented with 1 mM EDTA, 150 mM NaCl and 15 (v/v) Triton X-100. After
incubation for 1 h at 37°C the suspension was centrifuged in a Sorval RC-5B
centrifuge, SS-34 rotor at 22,000 rpm, for 60 min at 4°C and the supernate was used as
the crude membrane preparation. The proteins were quantified using the method of
Markwell (1978) and were solubilised in sample buffer (125 mM Tris.HCI [pH 6.8],
4% (w/v) SDS, 20% (v/v) glycerol, 10% (v/v) P-mercaptoethanol, 0.002% (w/v)

bromophenol blue) by boiling for 5 min.

2.13.2 Electrophoresis and staining

Protein samples were separated by SDS-PAGE using the SDS discontinuous system of
Laemmli (1970). Briefly, 20 ul (20 pg) of protein were loaded into each well of a 5%
(w/v) acrylamide stacking gel (1.7 ml 29% (w/v) acrylamide/1% (w/v) bisacrylamide
solution, 1.25 ml 1 M Tris-HCl pH6.8, 100 ul 10% (v/v) SDS, 100 gl 10% (w/v)
ammonium persulphate, 10 yl TEMED, per 10 ml) and separated in a 12% (w/v)
acrylamide resolving gel (20 ml 29% (w/v) acrylamide/1% (w/v) bisacrylamide
solution, 12.5 mi 1 M Tris-HCl pH6.8, 500 pi 10% (v/v) SDS, 500 ul 10% (w/v)
ammonium persulphate, 20 ¢l TEMED, per 50 ml). Electrophoresis was carried out in
a vertical slab gel apparatus (Bio Rad) in a buffer comprising 25 mM Tris-HCL, 192
mM glycine and 0.1% (w/v) SDS (pH8.3), at a constant current of 20 mA per gel
through the stacking gel and 30 mA per gel through the resolving gel. Proteins were
visualised by staining for 2-4 h with 0.1% (w/v) Coomassie Brilliant Blue (Sigma) in

10% (v/v) acetic acid and 45% (v/v) methanol and destaining for approximately 2 h



with several changes of the destaining solution (7.5% (v/v) acetic acid; 5% (v/v)

methanol).

2.14 Measurement of B-galactosidase activity from L. monocytogenes

The level of B-galactosidase expressed from L. monocytogenes 10403S, 7D and 9E

was examined using the method of Miller (1972). The standard procedure involved
growth of the bacterium to an ODg0Q of 0.4. 0.1 ml of culture was mixed with 0.9 ml
Z buffer (60 mM NapHPO4.7 H0, 40 mM NaH,PO4.H20, 10 mM KCI, 1 mM

MgSO4, 50 mM B-mercaptoethanol, pH 7.0), 2 drops of chloroform and 1 drop of
0.1% (w/v) SDS and incubated at 30°C for 5-10 min. o-nitrophenyl-f§-D-
galactopyranoside (ONPG; 0.2 ml of 4 mg/ml solution) was added and incubation at

30°C was allowed to continue until a yellow coloured developed, when the reaction

was stopped by the addition of 0.5 ml 1 M NaCO3.. The absorbency at 550 and 420
nm was recorded and used to calculate the units of P-galactosidase activity with the

following equation:

1000 x A420- (1.71 x As50)

tx 0.1 x A600

where A420, As50 are the absorbencies of the reaction, AgpQ is the ODgp(Q of the

culture used for the assay and t is the time between when the reaction was started by the

addition of ONPG and stopped by the addition of 1 M NaCO3.. The condition which

were used for growing the bacteria being assayed varied and are discussed in more

detail in sections 3.6 and 3.8 below.

2.15 Electron microscopy of flagella from L. monocytogenes

The bacteria being used for electron microscopic examination of the flagella were
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grown under various condition, as described in section 3.8 below. Electron
microscopy was kindly performed by Robert Gilbert (Department of Microbiology,
University of Leicester). 10 ul of the cell samples were placed on a carbon-coated grid
and washed in 10 pl distilled water before staining for 15 sec with unbuffered uranyl
acetate. The grids were visualised using a Joel 100 CX transmission electron
microscope using an accelarating voltage of 100 kV. The calculated magnification for

each micrograph is given in the figure legends in section 3.8 below.
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RESULTS



3.1 Studies of the ferric reductase of L. monocytogenes

The goal of the work described in this section was to clone the gene(s) involved in the
ferric reductase activity expressed by L. monocytogenes. The cloned gene(s) could
then be used as the starting point for investigations into the role of ferric reductase in

iron acquisition by L. monocytogenes.

Two main strategies were undertaken: (1) construction and screening of a listerial
genomic library for a clone expressing ferric reductase activity, (2) screening of a

library of 7n917 listerial mutants for a clone lacking ferric reductase activity.

3.1.1 Ferricreductase assay

The assay used to screen both libraries was a colourimetric assay based formation of a
deep red colour when ferrous iron chelator, ferrozine, was complexed to ferrous iron

(Dailley & Lascelles, 1971). The assay is shown diagrammatically in Figure 3.1a.

Initially, the assay was used to confirm the ferric reductase-positive phenotype of the
wild type strain, L. monocytogenes (10403S) and likewise to confirm the reductase-
negative phenotype of the E. coli strain Sure used for cloning the listerial library. The
results are shown in Figure 3.1B were the marked difference in colour between the
ferric reductase-positive L. monocytogenes 10403S (A1) and the ferric reductase-
negative E. coli Sure (B) is evident. L. monocytogenes produced a deep red colour

around the colonies while E. coli Sure remained white.

Thus, the construction and screening of the listerial genomic library was undertaken.
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Figure 3.1a. Diagrammatic representation of the ferric reductase assay.
Simple diagram showing the ferric reductase assay used for screening the listenal
libraries for the ferric reductase encoding gene. The assay was based on the formation
of a deep red colour when the ferrous iron (Fe2+) chelator, ferrozine, was complexed
with Fe2+* (Stookey, 1970) and was descnibed initially for Listerna by Deneer &
Boychuck (1993).

Figure 3.1b. Photograph showing ferric reductase activity. Femc
reductase activity of L. monocytogenes 10403S (A1) and E. coli Sure (B) as examined
using the assay described by Deneer & Boychuck (1993). Colonies labelled A2 and A3

are discussed in further detail in section 3.3 below.
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3.1.2 Construction of a listerial genomic library and screening for the

ferric reductase

Listeria monocytogenes (10403S) DNA was partially digested with Sau3A and
fragments in the 2-5 kb range were purified using a sucrose density gradient (described
in detail in section 2.3.3.1). This size of chromosomal DNA was selected as it should
be sufficient to code for the ferric reductase protein which has been estimated as 9 kDa

(Cowart & Foster, 1985).

The size-selected DNA was ligated into BamHI-digested, dephosphorylated pTTQI18
and transformed into E. coli Sure. Transformants were selected on LA containing
ampicillin. The number of transformants obtained was approximately 1.83 x 10°
cfu/ug DNA. Plasmid DNA was isolated from 10 random transformants to assess the
percentage of transformants containing plasmids with inserts of listerial genomic DNA.
After isolation, the plasmids were digested with BamHI and analysed on a 0.7% (w/v)
agarose gel (Figure 3.2). As BamHI has one unique site in pTTQ18, BamHI-digestion
of pTTQI18 produced a band of 4.5 kb. Thus, if the plasmids isolated from the 10
transformants contained inserts of listerial DNA they would give rise to bands greater
than 4.5 kb upon digestion with BamHI. More than one band may be visualised if the
insert DNA happened to contain a BamHI site. From Figure 3.2 it is evident that
plasmid DNA was isolated from 9 out of the 10 transformants (lanes 3 to 11) and that
all nine of these plasmids appeared to have an insert, four giving rise to a band greater
than 4.5 kb (lanes 6, 7, 8, 9) and five producing two bands (lanes 3, 4, 5, 10, 11;
bands indicated by arrows). From these data it can be concluded that approximately

80% of transformants contained recombinant plasmids.

Having successfully constructed the listerial genomic library, the ferric reductase assay
was used to screen the library for an E. coli clone showing ferric reductase activity.

This would be represented by a deep red colour around the colony.
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Figure 3.2. Plasmid profiles of 10 random transformants from a
listerial genomic library. Plasmid DNA from 10 library clones was prepared,
digested with BamHI, and analysed on a 0.7% (w/v) agarose gel. Lanes 3-12

represent the 10 clones, while lane 2 represents plamsid pTTQ18. Lanes 1 and 13

represent 1 kb ladder.
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In excess of 10,000 transformants were screened and none were shown to have ferric
reductase activity, all maintaining the white colouration around the colony. The
positive control, L. monocytogenes 10403S, was included in all screenings and was
shown to produce a deep red colour around the colony. The equation of Clark &
Carbon (1977) calculates the number of transformants which should be screen to have a
99% probability of identifying the gene of choice. The number of transformants
screened was actually in excess of the 8,500 required as predicted by the Clark &
Carbon (1977) equation.

Thus it appeared that this approach to cloning the ferric reductase encoding gene (s)
from L. monocytogenes was unsuccessful. This could be due to a number of reasons,
which are considered in detail in section 4. The emphasis of the work was next

directed towards screening the library of listerial mutants.

3.1.3 Screening a library of L. monocytogenes transposon mutants for

a clone lacking ferric reductase activity

Transposon mutagenesis of L. monocytogenes 10403S was performed as described by

Camilli et al., (1991) and is discussed in more detail in section 2.7.

The randomness of transposon insertion was examined by extracting chromosomal
DNA from 12 random mutants and hybridising with a probe derived from pLTV3 (A.
L. Passos, Personal communication). The results showed that 9 out of 12 insertions
were in different sites of the chromosome while 3 out of the 12 insertions were in the
same site of the chromosome. It was concluded that the randomness of insertion was
approximately 75%. The ferric reductase assay was used to screen this library for a L.
monocytogenes clone lacking the ferric reductase activity. An extensive screen was

once again carried out, with over 12,000 mutants being examined.
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On the initial screen of approximately 12,000 transposon mutants, 11 mutants were
identified as ferric reductase-negative because they appeared as white colonies.
However, when these mutants were re-screened, they appeared to be ferric reductase
positive, producing a red colour around the colony. The reasons for these observations

are unknown but are discussed further in section 4.1.

It was felt at this stage of the work that extensive time and energy had been put into the
two strategies undertaken to clone the ferric reductase encoding gene(s). Since both
had proved unsuccessful, the emphasis the work was switched towards the other aspect
of iron acqusition being investigated because this study was proving to be more

successful than the ferric reductase investigation.
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3.2 Screening a transposon library of Listeria mutants for isolates with

deficiencies in ability to grow in a low iron environment

The main objective of this investigation was to identify L. monocytogenes transposon
mutants with a deficiency in ability to acquire or utilise iron compared with the wild type
strain (L. monocytogenes 10403S). These were defined as “iron-related” mutants and

this term is used throughout this thesis.

The screening procedure is outlined in Figure 3.3. Essentially, each mutant was
inoculated into an individual well of three separate 96-well microtitre plates. The
microtiter plates contained one of three liquid media: (1) a medium with low levels of
ferrous iron, (2) a medium with low levels of ferric iron and, (3) an unaltered (iron-
complete) medium. After overnight incubation at 37°C, the growth was assessed by
eye and those colonies which showed visibly reduced growth in either or both of the
low iron medium but normal growth in the unaltered medium were re-examined. Upon
re-examination, if the phenotype was the same, the growth of the mutants were

examined in larger volumes of media.

Initially, the possibility of using a complex medium such as TSB for screening the
library was examined. This would minimise the likelihood of identifying auxotrophic
mutants. However, the problem with using a complex medium was that the amount of
ferrous or ferric iron initially present was not known. If in excess it may mask any

mutations which were related to the acquisition of iron.

Thus we decided to examine various iron chelators and their ability to remove the iron
from TSB. We started by examining EDDHA, because this chelator has been used by
other workers in the field to identify iron-related bacterial mutants (Pope et al., 1996;
Sokol, 1987; Tai et al, 1993). In this present investigation, iron was removed from

TSB using conalbumin A and EDDHA, as described previously by Deneer &
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Figure 3.3. Schematic representation of the screening procedure used to
identify iron-related mutants from a listerial transposon library. Diagram
showing a simple representation of the protocol used for screening the library of listerial
transposon mutants for isolates with a deficiency in ability to grow in either or both low
iron (ferrous or ferric) media. Initial screens were performed in 96-well microtiter
plates and the level of bacterial growth was examined by eye. Confirmatory screens

were performed in 20 ml volumes of medium and the level of growth was examined

spectrophotometrically (ODg00).
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Boychuck (1993). Although, four times as much chelator as that used by Deneer &
Boychuck (1993) was required to to see any significant inhibitory effect on listerial
growth. Even when this amount (10.4 mM) was added, complete inhibition of growth
was never observed. EDDHA was toxic above this level. In Figures 3.4A and 3.4B
the toxic effect of EDDHA on the growth of L. monocytogenes, 10403S can be seen.
When less than 10.4 mM EDDHA was added to the medium, no apparent effect on the
growth was observed (Figure 3.2A and 3.4B). Concentrations between 10.4 mM and
20.8 mM inhibited the growth in a manner which could be reversed by the addition of
100 uM ferrous sulphate (FeSO4) (Figure 3.4A) or 100 um ferric chloride (FeCl3)

(Figure 3.4B) Inhibition of growth by 41.6 mM EDDHA was reversed by addition of
FeSO4 but not FeCl3. EDDHA was toxic above this level. Concentrations of 60, 70

and 83.2 mM EDDHA inhibited the growth in a manner which could not be reversed by
the addition of 100 ym FeSO4 or FeCl3

As is evident from Figures 3.4A and 3.4B, growth was visible in medium treated with
10.4 mM EDDHA even when no additional ferrous or ferric iron was added, reaching
an ODe(Q ranging from 0.3 to 0.5. This presented a problem if we were going to use
this medium for screening the transposon library for iron-related mutants, because the
screening procedure was going to involve the observation, by eye, of growth or no
growth in the wells of microtiter plates; this residual growth would not make this a

straightforward exercise.

At this point another iron chelator was examined; namely tropolone (Vidon & Spreng,
1992). The recent report of Vidon & Spreng, (1995) suggested that tropolone was
much more efficient at removing iron from TSB than other iron chelators including, 2, 2

- dipyridyl, deferoxamine and ethylene diamine tetraacetate (EDTA).

The initial experiment examining this chelator produced data which were promising.

We found that 0.024 mM of tropolone when added to TSB (Batch A) completely
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Figure 3.4. Effect of EDDHA concentrationin TSB on listerial growth
The ODgqq L. monocytogenes 104038 after incubation for 24 hr at 37°C, shaking, in

TSB containing various amounts of EDDHA. Cultures where grown in the presence

(grey columns) or absence (white columns) of added iron. Ferrous sulphate (FeSOy4)

was used as the iron source in graph (A) while ferric chloride (FeCl3) was used as the

iron source in graph (B). The results represent the mean value of 3 experiments and the

standard error of the mean (SEM) is shown by the vertical bars.
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inhibited the growth of L. monocytogenes 10403S, although the subsequent addition of
100 M FeSO, or FeCl3 reversed this inhibitory effect and the growth was similar to
that observed in untreated TSB (Figure 3.5A). However, when this experiment was
repeated using a different batch of media (Batch B), the results obtained suggested that
the minimum inhibitory concentration of tropolone varied when different batches of
medium were used. For example, when a new batch of medium (Batch B) was used it
was shown that instead of 0.024 mM tropolone, 0.048 mM tropolone gave the
inhibitory effect described above, while 0.024 mM did not inhibit growth at all (Figure
3.5B). This tropolone titration experiment was performed on various batches of
medium and the findings indicated that each time a new batch of medium was used, a
tropolone titration experiment would have to be performed to determine the correct
concentration to use. This would be too time-consuming and impractical when

screening the transposon library.

Thus, the next approach was to use a chemically defined medium, despite the possibility
of identifying auxotrophic mutants. Trivett & Meyer medium (TM), was used because
this was reported recently as being the best defined medium for listerial growth (Jones
etal., 1995). The approach taken here was to use TM medium except that the 178 yM
ferric chloride was omitted (TM-Fe). Minimum concentrations of FeSO, and FeCls,
determined to be able to support growth of L. monocytogenes 10403S to the same
extent as unaltered TM, were added back to TM-Fe. The reason for this was to ensure
that the iron levels were not in excess and would not mask any iron related mutations

which might be occuring.

When FeCl3; was omitted from TM we saw an inhibition of growth of L.

monocytogenes, 10403S. The effect on listerial growth of addition of various
concentrations of ferrous and ferric iron was examined (Figures 3.6A and 3.6B,
respectively). This experiment implies that as little as 1 #M iron added back to the iron-

depleted TM supports growth similar to that in unaltered TM. Less than 1 uM ferric or
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Figure 3.5. Effect of tropolone concentrationin TSB on listerial growth

The ODgqy of L. monocytogenes 104038 after incubation for 24 hr at 37°C, shaking,

in Batch A (3.5A) or Batch B (3.5B) of TSB containing various concentrations of
tropolone. Either no iron (white columns), 100 uM FeSO4 (grey columns), or 100 uM

FeCl3 (hatched columns) was added to the tropolone-treated medium. These results are

the mean values of four different sets of data. The SEM is shown by the vertical bars.
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Figure 3.6. Effect of iron concentration of TM on listerial growth

The ODgqq of L, monocytogenes 104038 after incubation for 24 hr at 37°C, shaking,

in iron-depleted TM to which 0, 0.025, 0.5 1, 5, 10, 15, 20, 40, 60, 80, and 100 M
FeSO4 (A), or FeCl3 (B) was added. These results represent the mean values of four

different sets of data and the SEM is shown by the vertical bars.
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ferrous iron (0.25 yM and 0.5 uM) did support listerial growth to some extent,
although it was substantially less than in the unaltered TM. Thus, the transposon

library was screened for iron-related mutants using iron-depleted TM to which 1 uM
FeSOy4 or FeCl3 was added.

3.2.1 Isolation of iron-related L. monocytogenes mutants

The screening procedure was performed in 96-well microtiter plates containing either

iron-depleted TM supplemented with 1 M FeSO, (TM.Fe2*), iron-depleted TM
supplemented with 1 M FeNHcitrate (TM.Fe3+) or unaltered TM (N.TM), all
containing the appropriate antibiotics. L. monocytogenes 10403S was included in all
screens, to enable comparison of the growth of the mutants with the wild type. Each
mutant was inoculated from a master plate into each of the three media and incubated at
37°C for 24 hr after which the growth was examined by eye and compared to the wild
type. Approximately 5,500 mutants were examined in all three media and of these 44
did not grow in TM.Fe2* and TM.Fe3*. No mutants were identified which did not
grow in TM.Fe2+ but grew in TM.Fe3* or vice versa. It was suspected that 28 of
these 44 mutants were auxotrophs as they showed no growth in N.-TM, but when
examined in the complex medium, TSB, they grew. Thus the remaining 16 mutants

which grew as the wild type in N.-TM were examined further.

Two of these 16 mutants upon re-examination showed visibly reduced growth in both
TM.Fe2* and TM.Fe3* when compared with the wild type strain. Both grew as the
wild type in N.-TM. These were designated mutants 7D and 9E. Their growth was
further examined in 20 ml volumes of TM-Fe, TM.Fe2*, TM.Fe3* and N.TM and the
results shown in Figures 3.7A-D. Figures 3.7A and 3.7D demonstrate the inhibitory
effect of iron removal from N.-TM. The average ODggy of mutants 7D, 9E and the wild

type after overnight incubation in N.-TM was 0.660, 0.509 and 0.648, respectively,
while in TM-Fe the ODgqy readings were 0.093, 0.01 and 0.021. This is strong
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Figure 3.7. Growthof L. monocytogenes iron-related mutants compared
with the wild type, 10403S. The ODgg of the wild type, and mutants 7D and
OE aftter 24 hr incubation at 37°C, shaking, in TM-Fe (A), TM.Fe2* (B), TM.Fe3* (C)
and N.TM (D). These resuits are the mean values of eight different sets of data and the

SEM is shown by the vertical bars.
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evidence that iron is important for the growth of L. monocytogenes. In Figures 3.7C
and 3.7D the ODgy, after overnight incubation, of the mutants compared with the wild

type in TM.Fe2* and TM.Fe3* is shown. In both these media the wild type strain
grew in a similar manner to that observed in N.-TM. However, the maximum OD600
reached by either mutant was 0.098. These experiments suggested that both mutants 7D
and 9E are less efficient at growing in condition of low iron than the wild type.
However when iron levels are in excess, such as in N.TM the mutants are able to grow
as well as the wild type. The fact that the only difference between N.TM and TM.Fe2+
or TM.Fe3+ is the level of iron, confirms that these mutants are in some way effected
by iron levels in their environment. This effect of environmental iron on the growth of
mutant 7D and mutant 9E was analysed further by adding back increasing amounts of
FeSO4 or FeCl3 to TM-Fe. The results are shown in Figures 3.8A to 3.8D. The
overall conclusion from the data presented in Figure 3.8 was that growth of mutant 7D
and mutant 9E did occur as increasing concentrations of iron was added to the medium.
The critical amount of iron which supported growth similar to the growth observed with
100 M iron differed between mutants and also between ferrous iron and ferric iron.
For example, 20 uM ferrous iron supported growth of mutant 7D similar to the growth
observed with 100 uM ferrous iron, while 15 uM ferrous iron was sufficient to support
a similar level of growth of mutant 9E. Thus, these experiments further confirmed the

iron-related phenotype of mutant 7D and mutant 9E.
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Figure 3.8. Effect of iron concentration on the growth of mutant 7D and

mutant 9E. The effect of adding increasing concentrations of FeSO4 to TM-Fe on the

growth of mutant 7D (A) and mutant 9E (C) was examined. Also, the effect of adding
increasing amounts of FeClz to TM-Fe on the growth of mutant 7D (B) and mutant 9E

(D) was examined. The results shown represent the mean value of 3 experiments and

the SEM is shown by the vertical bars.
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3.3 Phenotypic analysis of mutants 7D and 9E

Both mutants 7D and 9E differed from the wild type strain, L. monocytogenes 104938,
in their ability to grow in media with low levels of ferrous sulphate or ferric chloride.
The mutants showed a deficiency in their ability to grow in these media compared with
the wild type strain (Figure 3.7, section 3.2.1). The objective of the work described in
this section was to determine whether mutant 7D or 9E differed from the wild type with

respect to other biochemical or physical characteristics.

The colony morphology and microscopic appearance of Gram stains of mutant 7D,
mutant 9E and the wild type were examined. No differences were observed. The
motility of each mutant and the wild type was examined using phase microscopy. The
cells were grown at 22°C until logarithmic phase as described by Kathariou et al.
(1995). The number of motile cells visualised in a sample taken from a mutant 9E
culture was similar to that of the wild type, where the majority of cells appeared motile.
The degree of motility visualised in a sample taken from a mutant 7D culture was

markedly reduced when compared with the wild type or mutant 9E.

The biochemical properties of each mutant, grown at 37°C, was examined using API-
20E and API-S50CH strips (API Systems - La Balme les Grottes, France). The API-
20E strips allowed examination of 20 biochemical properties of the mutants while the
API-50CH strips allowed the fermentative capacity of the mutants on 49 different
carbohydrates to be assessed. The results obtained for both mutants were compared

with the wild type and are shown in Tables 3.1 and 3.2.

The only difference observed between either mutant and the wild type was the result

obtained for mutant 7D in the test for the presence of P-galactosidase (Table 3.1).

Mutant 7D produced a positive result in this test while mutant 9E and the wild type gave

negative results. This result was confirmed by performing B-galactosidase assays as
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Table 3.1. API-20E - Biochemical analysis of mutant 7D and mutant 9E

TEST RESULTS
Mutant7D  Mutant9E  Wild type

B-galactosidase + - .
arginine dihydrolase - - -
lysine decarboxylase - - -
ornithine decarboxylase - - -
citrate utilization - - -
H2S production - _ _
urease - - -
tryptophan deaminase - - -

indole production - - -

acetoin production + + +
gelatinase - - -
glucose fermentation/oxidation + + +

mannitol fermentation/oxidation - - -
inositol fermentation/oxidation - - -
sorbitol fermentation/oxidation - - -
rhamnose fermentation/oxidation + + +
sucrose fermentation/oxidation - - -
mellobiose fermentation/oxidation - - -
amygdalin fermentation/oxidation + + +

arabinose fermentation/oxidation - - _

+ : positive reaction in the test; -: negative reaction in the test
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Table3.2. API-50CH - Fermentative capacity of mutant 7D and mutant

9E on 49 different carbohydrates

CARBOHYDRATE RESULTS
Mutant7D  Mutant9E  Wild type

glycerol + + +
erythritol - - -
D-arabinose - - -
L-arabinose - - -
ribose - - -
D-xylose - - -
L-xylose - - -
adonitol - - -

B-methyl-D-xyloside - - -

galactose +/- +/- +/-
glucose + + +
fructose + + +
mannose + + +
sorbose +/- +/- +/-
rhamnose + + +
dulcitol - - -
inositol - - -
mannitol - - -
sorbitol - - -
a-methyl-D-mannoside + + +
a-methyl-D-glucoside + + +

+ : positive reaction in the test; -: negative reaction in the test
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Table 3.2 continued. API-S50CH - Fermentative capacity of mutant 7D

and mutant 9E on 49 different carbohydrates

CARBOHYDRATE RESULTS
Mutant 7D Mutant9E  Wild type

N-acetyl glucosamine + + +
amygdalin + + +
arbutin + + +
esculin + + +
salicin + + +
cellobiose + + +
maltose + + +
lactose + + +
melibiose - - -
sucrose - - -
trehalose + + +
inulin - - -
melezitose - - -
raffinose - - -
starch - - -
glycogen - - -
xylitol + + +
gentiobiose + + +
D-turanose - - -
D-lyxose - - -
D-tagatose - - -
D-fucose - - -




Table 3.2 continued. API-S0CH - Fermentative capacity of mutant 7D

and mutant 9E on 49 different carbohydrates

CARBOHYDRATE RESULTS
Mutant 7D  Mutant9E  Wild type

L-fucose - - -
D-arabitol + + +
L-arabitol - - -
gluconate - - -
2-keto gluconate - - -

5-keto gluconate - - -




described by Miller (1972). Cells being assayed were grown at 37°C in TSB and the
assays were performed at 30°C on duplicate samples. The results are shown in Table
3.3. Mutant 7D produced 1310 Miller units (MU) of B-galactosidase activity while

mutant 9E and the wild type produced no B-galactosidase activity.

The haemolytic activity of both mutants was examined because it was suggested
previously (Camilli et al., 1990) that the hlyA gene, which is responsible for the
haemolytic activity, may exist on a region of the listerial chromosome where Tn 917 is
more likely to insert. This region was referred to as a "hotspot" region (Camilli ez al.,
1990). Both mutants and the wild type were plated onto blood agar and incubated
overnight at 37°C. Mutant 9E (Figure 3.9B) produced zones of haemolysis, similar to
those produced by the haemolytic wild type isolate (Figure 3.9A), while mutant 7D
appeared to produce greater levels of haemolysis (Figure 3.9C) than the wild type
strain. These observations suggested that both mutants were haemolytic and
transposition had not occurred in the hly "hotspot" region. The increased level of
haemolysis produced by mutant 7D was not investigated further, however, the possible
reasons for the increased levels of haemolysis observed for mutant 7D are discussed in

section 4.3.

The ferric reductase activity of both mutants was examined as described previously
(section 3.1). The results are shown in Figure 3.10. Mutant 7D (A2), mutant 9E (A3)
produced a deep red colour similar to the wild type (A1), indicative of a positive ferric

reductase phenotype. Ferric reductase-negative E. coli is shown for comparison (B).

Finally, one-dimensional SDS-PAGE protein profiles of mutant 7D and 9E were
compared with those of the wild type to observe whether the mutations resulted in an
observable absence or presence of a particular protein. Crude membrane protein
fractions from mutants 7D, 9E and the wild type strain were separated by

electrophoresis through denaturing SDS-polyacrylamide gels and visualised after
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Table 3.3. B-galactosidase activity of mutant 7D and mutant 9E

ISOLATE B-GALACTOSIDASE ACTIVITY
MILLER UNITS (MU)1
Mutant 7D 1310
Mutant 9E 0
Wild type 0

IStandardised using the equation of Miller (1972)



Figure 3.9. A comparison of the haemolytic activity of mutant 7D and
mutant 9E with the wild type strain L. monocytogenes 10403S. The wild
type strain (A), mutant 9E (B), and mutant 7D (C), were streaked onto TSA containing
5% sheep’s blood and incubated overnight at 37°C. The haemolytic activity was

observed as an area of clearing around the bacterial growth.






Figure 3.10. A comparison of the ferric reductase activity of mutant 7D
and mutant 9E with the wild type strain L. monocytogenes 10403S. The
ferric reductase assay of Deneer & Boychuck (1993) was used to examine both mutants
and the wild type. Ferric reductase-positive isolates mutant 7D (A2), mutant 9E A3)
and the wild type (A1) are represented by a red colour surrounding the streaks. The
ferric reductase-negative E. coli Sure (B) is represented by the streaks with no red

colouration.






Coomassie blue staining. The profiles shown in Figure 3.11 represent protein extracts
from the wild type strain (Lane 1), mutant 7D (Lane 2) and mutant 9E (Lane 3). No

differences between the profiles were observed.

Thus, to summarise the findings of this section, the mutants appear to be identical to the
wild type strain with respect to: colony morphology, ferric reductase activity, one-
dimensional SDS-PAGE protein profiles and a wide range of biochemical
characteristics. The only differences observed were: (1) the reduced motility of mutant
7D compared with the wild type and mutant 9E, (2) the expression of $-galactosidase
by mutant 7D compared with the lack of activity by mutant 9E and the wild type and (3)
the increased level of haemolytic activity of mutant 7D as visualised on sheep blood

agar.
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Figure 3.11. Comparison of SDS-PAGE protein profiles from mutant
7D, mutant 9E and the wild type strain L. monocytogenes 10403S.
Coomassie blue-stained SDS-PAGE crude membrane profiles of L. monocytogenes
10403S (Lane 1), mutant 7D (lane 2), mutant 9E (lane 3). Approximate molecular

weights are shown on the right.
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3.4 Southern blot analysis of mutants 7D and 9E and restriction

mapping the flanking chromosomal DNA

Having isolated two mutants, 7D and 9E, with defective growth in low iron media,
Southern blots were performed to confirm the presence of the transposon in the
chromosome of the mutants and also to provide a map of the restriction enzyme sites on
the chromosomal DNA flanking the site of transposon insertion. The number of
transposition events that had occurred in each mutant and a comparison of the actual
location of transposition in the two mutants was investigated by hybridising BamHI-
digested DNA from mutant 7D and 9E with pLTV3 digested with BamHI (Figure
3.12A). For mutant 7D (Figure 3.12A, lane 2) and mutant 9E (Figure 3.12A, lane 1),
3 bands were observed. The 6.8 kb band, common to both mutants represented the
internal BamHI fragment of the transposon, while the remaining two bands represented
the flanking DNA at either side of the internal fragment (Figure 3.12B). The
approximate sizes of these flanking bands were different between the mutants - 11.1
and 19.1 kb in mutant 7D and 7.7 and 16.2 kb in mutant 9E, suggesting that
transposition had occurred in different sites of the chromosome of each mutant. Thus,
it appeared that both mutations were a result of one transposition event and that the

location of the insertion was different in both mutants.

To further confirm that "legitimate" transposition had occurred, a Southern blot was
performed using a probe derived from the section of pLTV3 which would be absent
from the chromosomal DNA had transposition occurred correctly. The necessity for
this blot was due to the findings of others in the laboratory of illegitimate transposition
of Tn917-pLTV3 into the listerial chromosome (A. Passos, personal communication;
Alexander, 1994). These workers demonstrated the occurrence of illegitimate
transposition and transposon rearrangements by Southern blot analysis. Using a probe
derived from the section of pLTV3 which would be lost during normal transposition,

both these workers observed hybridisation to chromosomal DNA from their mutants
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Figure 3.12A. Southern hybridisation of chromosomal DNA from
mutant 7D and 9E using pLTV3 as a probe. BamHI-digested chromosomal
DNA from L. monocytogenes 7D (lane 2), 9E (lane 1), wild type (lane 3) and plasmid
pLTV3 (lane 4) were analysed on a 0.6% (w/v) agarose gel and transferred to a nylon
membrane. The whole of pLTV3 digested with BamHI was labelled with [a-32P]
dCTP and used for hybridising under conditions of high stringency. The membrane
was washed 3 times in 0.1X SSC, 0.1% (w/v) SDS at 65 C for 20 min. Approximate

fragment sizes are indicated on the right.

Figure 3.12B. Hypothetical diagram of transposition in mutant 7D or
9E. The presence of Tn917-pLTV3 in the chromosome of either mutant 7D or 9E is
shown diagrammatically. The 3 hybridising bands observed in the Southern blot above
(Figure 3.12A, lanes 1 and 2) are indicated in the diagram - the internal 6.8 kb fragment
of the transposon and the 2 flanking fragments. The exact size of flanking fragments is
unknown and the diagram is not to scale. Features of the transposon include the
promoterless copy of the lacZ gene, the M13 and ColEIl origins of replication, the
antibiotic resistant markers, neo, ble and erm and the polylinker. Restriction sites are
as as follows: B, BamH]l; E, EcoRl; H, Hindlll; K, Kpnl; P, Pstl; S, Sall; Sm, Smal,
Sp, Sphl; Ss, Sstl; X, Xbal.
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and thus, concluded that some type of transposon rearrangement had taken place and
resulted in the presence of the unexpected region of pLTV3 in the chromosome of the

mutant (A. L. Passos, personal communication).

The probe used in this present study, Probe A, can be seen in Figure 3.13A and
includes the tetracycline resistance gene, ter.  Chromosomal DNA from L.
monocytogenes 7D, 9E, 10403S and plasmid pLTV3 was digested with BamHI and
separated on a 0.6% (w/v) agarose gel. The DNA was transferred to a nylon
membrane, and hybridised with probe A under conditions of high stringency. The three
resulting hybridisation patterns are shown in Figure 3.13B. No hybridisation bands
were observed in lanes 1, 2 or 3, representing mutant 7D, 9E and the wild type
104038, respectively. A band was observed in lane 4 and represented the 15 kb band
of pLTV3. The findings indicated that the region of pLTV3 which was expected to be
lost during transposition, was lost, and was not present in the chromosome of either
mutant to hybridise with Probe A. This suggested that, in contrast to the previous
findings of A. L. Passos and J Alexander of illegitimate transposition events,
transposition in both mutant 7D and mutant 9E of Tn917-pLTV3 appeared to have

occurred correctly.

Confirmation of this fact was made by following the growth of the mutants in TSB
either with or without tetracycline. L. monocytogenes 10403S containing pLTV3 grew,
whereas mutants 7D and 9E showed no growth in the presence of tetracycline (Figures
3.14A and 3.14B). These findings suggested that the tetracycline gene was absent from

the chromosomal DNA of the mutants due to legitimate transposition of 77917-pLTV3.

At this stage the results suggested that: firstly, only one transposition event had
occurred in each mutant; secondly, this event appeared to involve "normal"
transposition as witnessed by the loss of the tetracycline resistance gene; and thirdly the

location of the transposon in each mutant was different. Southern blots were then



Figure 3.13A. Map of pLTV3 showing Probe A. Probe A was used in the
Southern blot shown in Figure 3.13B below and represents the 2.8 kb PsiI - EcoRI
fragment specific to pLTV3, containing the tetracycline resistance gene, fef. Restriction
sites are as as follows: B, BamHI; E, EcoRl; H, Hindlll; K, Kpnl; P, Pstl; S, Sall;
Sm, Smal; Sp, Sphl; Ss, Sstl; X, Xbal.

Figure 3.13B. Southern hybridisation of chromosomal DNA from
mutant 7D and 9E using Probe A. BamHIl-digested chromosomal DNA from
mutant 7D (lane 1), mutant 9E (lane 2), wild type (lane 3) and plasmid pL.TV3 (lane 4)
were analysed on a 0.6% (w/v) agarose gel and transferred to a nylon membrane.
Probe A (shown in Figure 3.13A) was labelled with [a-32P] dCTP and used for
hybridising under conditions of high stringency. The membrane was washed 3 times in
0.1X SSC, 0.1% (w/v) SDS at 65 C for 20 min. Approximate fragment sizes are
indicated on the right.
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Figure 3.14. The effect of tetracycline on the growth of L.
monocytogenes 7D and 9E. L. monocytogenes mutants 7D (Figure 3.14A) and
9E (Figure 3.14B) were grown in TSB containing erythromycin (10 ug/ml) and
lincomycin (25 pug/ml) either with (----- ) or without(____ ) tetracycline (20 pg/ml).
Cells were incubated at 37 C, shaking for 24 hr and the ODgoQrecorded at regular
intervals. L. monocytogenes 10403S containing pLTV3 was used as the positive
control (--A--) while L. monocytogenes 10403S alone (--o--) was used as the negative

control.
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performed which would enable the construction, for each mutant, of a partial restriction

map of the chromosomal DNA flanking the erm-proximal end of the transposon.

Two different probes, BamHI-digested pLTV3 or, Probe B, a Sall-EcoRI fragment of
pLTV3 were used to hybridise chromosomal DNA from both mutants. These probes
can be seen in Figure 3.15. Chromosomal DNA from mutants 7D and 9E digested with
Hindlll (lanes 1), Kpnl (lanes 2), Pstl (lanes 3), Smal (lanes 4), Sphl (lanes 5), Xbal
(lanes 6), Xhol (lanes 7) was hybridised with BamHI-digested pLTV3 (Figures 3.16A
and 3.17B) or with Probe B (Figures 3.16B and 3.17B). In each blot, BamHI-
restricted wild type DNA and pLTV3 were included as negative and positive controls
(Figure3.16 A, B and 3.17A, B, lanes 9 and 10, respectively). These blots enabled the
determination of which restriction enzyme sites were present in the flanking DNA, at the
erm-proximal side of transposition. Mapping the DNA flanking the erm-proximal side
of the transposon was necessary, as this was the side which was to be rescued at a later

stage of this investigation (section 3.5).

As this part of the investigation was aimed at constructing restriction maps of the erm-
proximal end of transposition in both mutants, the band which represented the erm-
proximal flanking DNA was identified by hybridisation with Probe B (Figures 3.16A
and 3.17A, bands indicated by the arrows). This probe would only hybridise with DNA
from the erm-proximal side of the transposon. On the blots using BamHI-digested
pLTV3 as a probe (Figures 3.16A and 3.17A), the bands which represent the erm-
proximal flanking DNA are indicated by the arrows and the other bands which can be
seen in Figures 3.16A and 3.17A, represent the hybridisation which can occur with the
whole vector as a probe to DNA. These bands represent bands which are internal to
Tn917-pLTV3 or to DNA flanking the erm-distal side of transposition. For
construction of restriction maps of the DNA flanking the erm-proximal side of the

transposon, these bands were not of importance and thus were not analysed further.



Figure 3.15. Map of pLTV3 showing Probe B. Probe B was used in the
Southern blots shown in Figure 3.16B and 3.17B . Probe B is a 1.4 kb Sall - EcoRI
fragment specific to pLTV3. Restriction sites are as as follows: B, BamHI; E, EcoRlI,;
H, Hindlll; K, Kpnl; P, Pstl; S, Sall; Sm, Smal; Sp, Sphl; Ss, Sstl; X, Xbal.
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Figure 3.16. Southern hybridisation of chromosomal DNA from mutant
7D using pLTV3 as a probe (Figure 3.16A) or Probe B (Figure 3.16B).
Hindlll (lane 1), Kpnl (lane 2), Pstl (lane 3), Smal (lane 4), Sphl (lane 5), Xbal (lane
6), Xhol (lane 7) - digested chromosomal DNA were analysed on a 0.6% (w/v) agarose
gel and transferred to a nylon membrane. Lane 8 represent chromosomal DNA from
mutant 9E digested with HindlIl, lane 9 represent wild type DNA digested with BamHI
and lane 10 represent pLTV3 digested with BamHI. Approximate fragment sizes are
indicated on the right. The probes were labelled with [a-32P] dCTP and used for
hybridising under conditions of high stringency. The membranes were washed 3 times

in 0.1X SSC, 0.1% (w/v) SDS at 65 C for 20 min.
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Figure 3.17. Southern hybridisation of chromosomal DNA from mutant
9E using pLTV3 as a probe (Figure 3.17A) or Probe B (Figure 3.17B).
Hindlll (lane 1), Kpnl (lane 2), PstI (lane 3), Smal (lane 4), Sphl (lane 5), Xbal (lane
6), Xhol (lane 7) - digested chromosomal DNA were analysed on a 0.6% (w/v) agarose
gel and transferred to a nylon membrane. Lane 8 represent chromosomal DNA from
mutant 7D digested with HindlII, lane 9 represent wild type DNA digested with BamH]I
and lane 10 represent pLTV3 digested with BamHI. Approximate fragment sizes are
indicated on the right. The probes were labelled with [a-32P] dCTP and used for
hybridising under conditions of high stringency. The membranes were washed 3 times

in 0.1X SSC, 0.1% (w/v) SDS at 65 C for 20 min.
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The expected sizes of the erm-proximal flanking DNA bands, and the approximate sizes

of the bands obtained are listed in Table 3.4.

From the data in Table 3.4 it is evident that the experimental size of some of the bands
was smaller that the size expected as calculated using the map of pLTV3. The reason
for this was not known and was not investigated further. However, these enzymes
sites were not included in the final restriction maps of the DNA of the mutants (Sphl
and Xhol for mutant 7D and Xhol and Kpnl for mutant 9E). Also, when chromosomal
DNA from mutant 7D was digested with Kpnl and hybridised with Probe B, three
hybridisation bands were observed when only one band was expected (Figure 3.16B,
lane 2). The reason for this observation was not known, although, it may have been
due to partial digestion of the chromosomal DNA. Consequently, a Kpnl site was not
included in the final restriction map of mutant 7D. It was also impossible, from these
Southern blots, to determine whether a Xbal restriction site occurred anywhere in the
flanking DNA of mutant 7D or mutant 9E as no bands were observed (Figures 3.16A,
3,16B, 3.17A, 3.17B, lane 6). However, at this stage of the investigation, enough data
were produced to allow the construction of restriction maps of the chromosomal DNA
flanking the erm-proximal side of insertion in both mutants. These are shown in Figure
3.18. Restriction sites, HindllI, Pstl and Smal were included on the map of the erm-
proximal flanking DNA in mutant 7D (A) while, Hindlll, Pstl, Smal and Sphl were
included on the map of the flanking DNA in mutant 9E (B). These maps enabled the

next stage of the investigation to be undertaken (section 3.5).
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Table 3.4. DNA bands expected and obtained, from the erm-proximal
flanking DNA as determined by Southern analysis; hybridising
chromosomal DNA from mutant 7D or 9E with probes, BamHI-digested
pLTV3or Probe B.

Enzyme used Band expectedl(kb) Band obtainedz(kb)
for DNA digest Mutant7D  Mutant 9E
Hindlll >12.23 18.4 12.9

Kpnl >9.73 10.14 9.1

Psil >8.03 13.6 10.5

Smal >9.13 19.4 17.4

Sphl >8.73 5.8 15.7

Xbal >9.63 None None
Xhol >9.63 8.1 9.0

1Sizes calculated using the map of pLTV3
2Gizes calculated from the Southern blots in Figures 3.16 and 3.17
3 Approximate sizes in kb

4Two other bands also present - see below (section 3.4) for discussion of these
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Figure 3.18. Partial restriction enzyme maps of flanking chromosomal
DNA from mutant 7D (Figure 3.18A) and mutant 9E (Figure 3.18B).
Diagram showing Tn917-pLTV3 transposition in the chromosome of mutant 7D (A)
and mutant 9E (B). The thick solid lines in each diagram represent the flanking
chromosomal DNA. Restriction sites are as follows: B, BamHI; E, EcoRI; H, Hindlll;
K, Kpnl; P, Pstl; S, Sall; Sm, Smal; Sp, Sphl; X, Xbal. The other features of the

transposon were described previously in Figure 3.12B .
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3.5 Rescuing flanking chromosomal DNA from mutants 7D and 9E and

subcloning into pBluescriptSK for sequencing

The presence of the ColE1 origin of replication within the transposon, in addition to the
kanamycin resistance gene (neo) and an appropriate restriction enzyme site on the
transposon, enabled the rescuing of plasmids from both mutants. These plasmids
contained part of the transposon and a fragment of chromosomal DNA flanking the
transposon at the erm-proximal end. Having constructed partial restriction maps of the
erm-proximal flanking DNA (see section 3.4) for each mutant, the appropriate
restriction enzymes were chosen. These would digest the flanking chromosomal DNA
and also the transposon at a site upstream of the ColEl origin and the kanamycin
resistance gene. This is indicated in Figure 3.19 and the approximate sizes of the

plasmids to be rescued are shown.

After complete digestion of chromosomal DNA from 7D with Hindlll or Smal and
chromosomal DNA from mutant 9E with Hindlll, Smal or Sphl, 5 ug of the digested
DNA was incubated overnight at 14°C in the presence of T4 DNA ligase. Following
concentration of the ligation mixture by ethanol precipitation, the DNA was
electroporated into E. coli and transformants were selected on LA containing 20 pg/ml

kanamycin.

Four different E. coli strains were used in these attempts to rescue the various plasmids
from either mutant. These were DH5a, JM109, HB101, MC1061. Initially, the
plasmid rescue experiments were performed in DH5a or JM109. After repeated
attempts using DHSo and JM109, no kanamycin resistant transformants containing the
self-ligated plasmids were obtained (Table 3.5). In retrospect, this result was not
surprising as it has been reported recently (Guiterrez et al., 1996) that when rescuing
erm-containing DNA in E. coli, a strain with a rpsi20 mutation should be used as this

enables the strain to overcome the problem of toxicity which may occur due to the
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Figure 3.19. Diagrammatic representation of transposition in mutants
7D and 9E indicating the plasmids to be rescued. Diagram showing the
occurrence of 7n917-pLTV3 in the chromosome of mutant 7D and mutant 9E (more
detail of the diagram given in Figure 3.18). The restriction enzymes used to digest the
chromosomal DNA prior to self ligation and electroporation into E.coli MC1061 are
indicated in bold. The approximate sizes of the different plasmids which were to be

rescued are shown below the diagram.
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Table 3.5. E.coli transformants which contained rescued plasmids from

mutant 7D or 9E: the use of different bacterial strains for

transformation.
E.coli strain
Source of DNA1 DH5a IM109 HB101 MC1061
Number of transformants obtained

TD-Hindlll 0 0 0 8

TD-Smal 0 0 0 0
9E-Hindll1l 0 0 0 2

9E-Smal 0 0 0 0

9E-Sphl 0 0 0 0

15 ug of chromosomal DNA from either mutant was digested with one of the stated
restriction enzymes and self-ligated in a final volume of 150 ul prior to electroporation
into each of the four E. coli strains. The method is described in more detail by Camilli
et al. (1990).
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presence of the erm gene product (Youngman, 1990; Guiterrez et al., 1996). As a
consequence, HB101 and MC1061 were used.

As shown in Table 3.5, 8 kanamycin resistant transformants were obtained when
chromosomal DNA from mutant 7D was digested with Hindlll, self-ligated and
electroporated into MC1061. No transformants were obtained when the same amount
of DNA (5 ug) was electroporated into HB101 or when the chromosomal DNA was
digested with Smal. Likewise, for mutant 9E, only the chromosomal DNA digested
with Hindlll, self-ligated and electroporated into MC1061 resulted in transformants.
Two transformants were obtained. No transformants were obtained when HB101 was
used or when the DNA was digested with Smal or Sphl. These data indicate the
importance of the genotype of the E.coli strain used, on the ability to rescue erm-
containing plasmids. The reasons why no transformants were obtained when HB101
was used as the host cell or why no transformants were recovered when the DNA was

initially digested with enzymes other than HindlIl are not known.

Plasmid DNA was isolated from the transformants obtained with mutant 7D (pJM1) and
mutant 9E (pJM2) DNA. Examination of these plasmids by restriction digestion and
gel electrophoresis indicated that an identical plasmid was present in 7 of the 8
transformants which contained DNA rescued from mutant 7D and an identical plasmid
was present in the 2 transformants which contained DNA rescued from mutant SE.
Figures 3.20A and 3.20B show the plasmids after BamHI-HindlIl digestion,
respectively. As expected, from analysis of the linear maps shown in Figure 3.18A and
B, BamHI-Hindlll digestion of the rescued plasmids resulted in 3 bands. These
represented the 2.4 kb Hindlll fragment, (Figures 3.20A, lane 2 and 3.20B, lane 3
lower arrows), and the 6.8 kb BamHI fragment (Figures 3.20A, lane 2, middle arrow
and 3.20B, lane 3, upper arrow) which were common to both plasmids because they
were present within the transposon. The BamHI-Hindlll fragments which included the

remaining part of the transposon (approximately 3.5 kb) and the flanking chromosomal
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Figure 3.20A. Plasmids isolated from the 8 E. coli MC1061
transformants obtained with mutant 7D DNA. Electrophoretic patterns of
BamHI-Hindlll-digested plasmids isolated from 8 E. coli MC1061 transformants.
These transformants were obtained when E. coli MC1061 was electroporated with
Hindlll-digested, self-ligated chromosomal DNA from mutant 7D, (lanes 2 - 9). Lanes
1 and 11 represent 1 kb ladder while lane 10 represents BamHI-Hindlll digested
pLTV3.

Figure 3.20B. Plasmids isolated from the 2 E. coli MC1061
transformants obtained with mutant 9E DNA. Electrophoretic patterns of
BamHI-Hindl1l-digested plasmids isolated from 2 E. coli MC1061 transformants (lanes
3 and 5). These transformants were obtained when E. coli MC106]1 was
electroporated with HindllI-digested, self-ligated chromosomal DNA from mutant 7D.

Lanes 1 and 6 represent 1 kb ladder while lanes 2 and 4 represent undigested plasmids.
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DNA were different sizes in each plasmid: approximately 9 kb in the plasmid containing
DNA from mutant 7D (Figure 3.20A, lane 2, upper arrow) and approximately 4 kb in
mutant 9E (Figure 3.20B, lane 3, middle arrow). This suggested that 5.5 kb of listerial
DNA had been rescued in pJM1 while 0.5 kb of listerial DNA had been rescued in
pIM2.

The recovery of plasmids, from mutant 7D and 9E, which contained transposon-
flanking chromosomal DNA had been performed successfully. These plasmids were
designated pJM1 (from mutant 7D) and pJM2 (from mutant 9E) and the maps are
shown in Figure 3.21. Probe C and D indicated in these diagrams were used in the dot
blots described below.

After large scale preparation of pJM1 and pJM2, restriction digests with other enzymes
were performed to confirm the position of restriction sites. The results are shown in
Figure 3.22. The positions of the BamHI, Hindl1l, Pst] and Sall sites were confirmed.
Using the maps of pJM1 and pJM2 shown in Figure 3.22 where the approximate
locations of the BamHI, Hindlll, Psfl and Sall sites are indicated in bold, it was
possible to determine the number of bands expected after digesting pJM1 and pJM2
with BamHI (Figure 3.22, lanes 2 and 8, respectively), Hindlll (Figure 3.23, lanes 3
and 9, respectively), BamHI-HindlIl (Figure 3.22, lanes 4 and 10, respectively), Psfl
(Figure 3.22, lanes 5 and 11, respectively), Sall (Figure 3.22, lanes 6 and 12,
respectively) and Psrl-Sall(Figure 3.22, lanes 7 and 13, respectively). The bands
which represented the fragments of DNA from within the transposon, and which were
common to both pJM1 and pJM2 are indicated by arrows (Figure 3.22, lanes 2 to 13)
while the bands which represented the fragment of DNA containing a part of the
transposon and the flanking chromosomal DNA are represented by (*) (Figure 3.22,
lanes 2 to 13). In certain digests (Figure 3.22, lanes 3, 4 and 10) unexpected bands

were observed. These bands were most likely due to partial digestion of the DNA.
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Figure 3.21. Map of plasmid pJM1 rescued from mutant 7D and pJM2
rescued from mutant 9E. Structures of rescued plasmids pJM1 and pJM2.
Listerial chromosomal DNA is indicated by the thick solid line in each plamsid.
Restriction sites are as follows: B, BamHI; E, EcoRI; H, Hindlll; K, Kpnl; P, Psil; S,
Sall; Sm, Smal; Sp, Sphl; X, Xbal. BamHl, Hindlll, Pstl and Sa/l sites are indicated
in bold. Probes C and D which are used in the dot blot shown in Figure 3.23 are

indicated.
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Figure 3.22. Restriction digests of plasmids pJM1 and pJM2. Plasmids
pJMI1 and pJM2 were digested with BamHI (lane 2 and 8, respectively), Hindlll (lane
3 and 9), BamHI-Hindlll (lane 4 and 10), Pst (lane S and 11), Sall (lane 6 and 12),
and PszI-Sall (lane 7 and 13) and analysed on a 0.7 % (w/v) agarose gel. Arrows
indicate the bands which are common to both plasmids as they occur internally within
the Tn917-pLTV3 region of the plasmids while (*) indicates the band which are
different sizes in both plasmids as they contain the chromosomal DNA immediately
flanking the transposon in addition to a fragment of the transposon (see restriction maps
in Figure 3.21). Lanes 1 and 14 represent the 1 kb ladder and approximate sizes are

indicated on the right.
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However, from the digests performed and shown in Figure 3.22 confirmation of the

maps given for the rescued plasmids, pJM1 and pJM2 was made.

To further confirm that both these plasmids, pJM1 and pJM2, contained listerial
chromosomal DNA, dot blots were performed, at high stringency, using Probe C from
pJM1 (a S kb HindllI-Sall fragment; Figure 3.21) or Probe D from pJM2 (a 1 kb Sall-
Hindlll fragment; Figure 3.21) to hybridise chromosomal DNA from the wild type
strain, L. monocytogenes 10403S (Figure 3.23A and 3.23B respectively, lanes 3).
Probes C and D were derived from regions of pJM1 and pJM2 which contained
putative listerial DNA. The plasmids pJM1 and pJM2 were used as positive controls
while pBluescriptSK was used as a negative control. As evident from the dot blots,
strong hybridisation occurred between the wild type DNA and both probes (Figures
3.23A and B, lane 3) confirming that listerial DNA is present in plasmids pJM1 and
pJM2.  As expected, no hybridisation occurred between either probe and
pBluescriptSK (Figures 3.23A and B, lane 2). Probe C hybridised strongly to
pJM1(Figure 3.23A, lane 1), the plasmid from which it was derived and likewise,
Probe D hybridised to pJM2 (Figure 3.23B, lane 1) the plasmid from which it was

derived.

The next stage of the investigation, involved the subcloning of a fragment of DNA from
pJM1 which contained flanking chromosomal DNA, into pBluescriptSK, This would
enable sequencing of the chromosomal DNA using the pBluescriptSK universal primers
T3 and T7. The strategy for subcloning the appropriate fragments from pJM1 is shown
in Figure 3.24. Due to the relatively small size of the chromosomal DNA in plasmid
pJM2, sequencing was performed directly, using plasmid pJM2 as a template and

primers based on Tn917. This is discussed in more detail in section 3.8 below.

A 5 kb Hindlll-Sall fragment from pJM1 was cloned into Hindlll-Sall digested

pBluescriptSK to produce a plasmid designated pJM6. Plasmid pJM6 was then
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Figure 3.23. Dot blot analysis of L. monocytogenes 10403S (wild type)
listerial DNA using a probe derived from pJM1 (Figure 3.23A) and a
probe derived from pJM2 (Figure 3.23B). 1-2 ug of chromosomal DNA from
L. monocytogenes, 10403S (wild type) was spotted onto nylon membrane (Figures
3.23A and b, lane 3) in addition to 1-2 ug of pJM1 (Figure 3.23A, lane 1), 1-2 ug of
pIM2 (Figure 3.23B, lane 1) and 1-2 pug of pBluescriptSK (Figures 3.23A and B, lane
2). Probe C, derived from pJM1 and Probe D, derived from pJM2 were labelled with
[@-32P] and used for hybridising (Figures 3.23A and B, respectively) under
conditions of high stringency. The membranes were washed 3 times in 0.1 X SSC,
0.1 % (w/v) SDS at 68°C for 20 min. Each sample was tested in duplicate, indicated

by the two rows under each lane number.
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Figure 3.24 Strategy for subcloning a chromosomal DNA-containing
fragment of pJM1 into pBluescriptSK. Diagram showing the approach taken to
subclone a 5 kb Hindlll-Sall fragment from pJM1 into pBluescriptSK. The plasmid
made up of pBluescriptSK and the 5 kb Hindlll-Sall fragment from pJM1 was
designated pJM6. Plasmid pJM6 was then digested with Pstl and incubated overnight
at 14°C with T4 DNA ligase. Digestion of the ligation mixture, prior to electroporation,
with Hindlll prevented recovery of Hindlll-containing pJM6 and lead to recovery of
another plasmid, designated pJM7, which did not contain a Hindlll site. pIJM7
consisted of pBluescriptSK and an 800 bp fragment containing a part of the transposon
and the listerial DNA immediately flanking the site of transposon insertion. Both these
plasmids were used for sequencing (see section 3.6 below). The positions of the T3
and T7 primer sites are indicated. The listerial DNA is represented by the solid black
line while the solid grey boxes seen in pBluescript, pJM6 and pJM7 represent the
multiple cloning site within the lacZ gene of pBluescript. Probe E which was used in
Figure 3.26 is shown.
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digested with Pstl and incubated overnight at 14°C with T4 DNA ligase. The ligation
mixture was digested with HindlIl prior to electroporation into E. coli DH5a as this
would prevent recovery of any pJM6 molecules which were present. This procedure
allowed the recovery of plasmid pJM7; pBluescriptSK containing an 800 bp Pstl-Sall
fragment of DNA from pJM1. This PsfI-Sall fragment contained the listerial DNA
immediately flanking the transposon insertion. The maps of pJM6 and pJM7 are
shown in Figure 3.24 where the 800 bp Ps#I-Sall fragment is indicated as Probe E.
Probe E was used in the dot blot described below.

Confirmation of the successful recovery of pJM6 and pJM7 was achieved by
performing restriction digests on isolated plasmids. Ps/-digested pJM6 resulted in 2
bands, as expected (Figure 3.25, lane 4). These bands represented the 5 kb band
which contained the chromosomal DNA and part of pBluescriptSK and the smaller
band (approximately 2.8 kb) which consisted of the remainder of pBluescriptSK. Lane
5 shows the results obtained after PstfI-Sall digestion of pJM7. The smaller band
(approximately 800 bp) represent the fragment of DNA which contained the
chromosomal DNA immediately flanking the transposon and a part of the transposon
while the larger band (approximately 3 kb) represented the whole of pBluescript™, Tpe
unexpected high molecular weight bands in lanes 4 and 5 are most likely due to partial
digestion of the plasmids. Hindlll-Sall-digested pJM1 and Hindlll-Sall-digested

pBluescriptSK are shown in lanes 2 and 3, respectively.

Dot blots were performed, under highly stringent conditions, to confirm that the
fragments subcloned into pBluescriptSK from pJM1 contained listerial DNA. Figure
3.26 shows the results obtained when the 800 bp PstI-Sall fragment from pJM7 (Probe
E) was used to hybridise pJM1 (lane 1), pJM7 (lane 2), pBluescriptSK (lane 3) and
wild type DNA (lane 4). The results showed hybridisation of Probe E to pJM1, pJM7
and to wild type DNA but not to pBluescriptSK. thus indicating that the listerial DNA
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Figure 3.25. Restriction digests of pJM6 and pJM7. Plasmids pJM6
digested with Ps¢l (lane 4) and pJM7 digested with Pstl-Sall (lane 5) were analysed on
a 0.7% (w/v) agarose gel. Hindlll-Sall-digested pJM1 and Hindlll-Sall-digested
pBluescriptSK are shown in lanes 2 and 3, respectively. Lanes 1 and 6 represent the 1

kb ladder and approximate sizes are indicated on the right.
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Figure 3.26. Dot blot analysis of wild type listerial DNA using a probe
derived from pJM7. 1-2 ug of chromosomal DNA from L. monocytogenes,
10403S (wild type) was spotted onto nylon membrane (lane 4) in addition to 1-2 ug of
pJMI1 (lane 1), 1-2 ug of pJM7 (lane 2) and 1-2 ug of pBlue:scriptSK (lane 3). Probe
E, derived from pJM7 was labelled with [a~32P] and used for hybridising under
conditions of high stringency. The membrane was washed 3 times in 0.1 X SSC, 0.1

% (w/v) SDS at 68°C for 20 min.
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immediately flanking the transposon had been successfully subcloned into

pBluescriptSK for sequencing.

Thus, plasmids containing chromosomal DNA flanking the erm-proximal end of the
transposon in mutant 7D and mutant 9E were successfully rescued into E.coli MC1061
and were designated pJM1 and pJM2, respectively. Fragments of pJM1 were
subcloned into pBluescriptSK to produce plasmids pJM6 and pJM7 which would be
used in the future for sequencing (see section 3.6 below). Sequencing of the flanking
chromosomal DNA in pJM2 involved a different approach which is discussed in more

detail below (see section 3.8).
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3.6 Sequence analysis of chromosomal DNA flanking the erm-proximal

end of the transposon in mutant 7D

Approximately 800 bp of DNA containing part of the transposon and the fragment of
listerial DNA immediately flanking the transposon was successfully subcloned into
pBluescriptSK to produce plasmid pJM7 (Figure 3.27).

DNA sequencing of both strands of the entire insert in pJM7 was performed three times
using the Automated Dye Deoxy method. Using the universals primers T3 and T7
(Short er al., 1988), the complete sequence of the insert was determined and the
nucleotide sequence of the region from the inverse repeat within the tranpsoson to the
end of the listerial DNA is shown in Figure 3.28A. This sequence was searched
against nucleic acid databases and amino acid databases using BLASTN and BLASTX
programs (National Centre for Biotechnology Information, Los Alamos, N.MEX)
available on the intemet (http//:www.ncbi.nlm.nih.gov/cgi-bin/BLLAST/). The results
indicated that the listerial DNA fragment (approximately 500 bp) could be divided into
two main areas each having significant nucleotide sequence homology to different
genes or parts of genes. The region from nucleotides 38 to 335 showed 80%
homology at the nucleotide level to a region designated the promoter of the listerial flaA
gene (Dons et al., 1992). The region from nucleotide 341 to 540, designated ORFA,
showed 55% identity at the amino acid level to a gene named cheV of B. subtilis
(Fredrick & Helmann, 1994) which is involved in bacterial chemotaxis. This is shown
diagrammatically in Figure 3.28B. Sequence alignments and discussion of these

homologies are given in the Figures which follow .
The sequence of region 341 to 550 provided evidence for the occurrence of a new

listerial gene which had homology to cheV of B. subtilus. Further DNA sequencing

and comparisons were made and are discussed in more detail in section 3.6.2 below.
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Figure 3.27. Map of pJM7. Detailed map of pJM7 constructed as described
diagrammatically in Figure 3.24. Essentially pJM7 is pBluescriptSK containing an 800
bp Hindlll-Sall fragment of listerial DNA and part of 7h917 from mutant 7D. This
fragment immediately flanks the erm-proximal end of the transposon insertion. The

positions of the T3 and T7 primer sites are indicated.
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Figure 3.28A Nucleotide sequence of the insertin pJM7. The sequence of
the insert in pJM7, from the erm-proximal inverse repeat (P-IR) to the Psil site

indicating the end of the insert, is shown.

Figure 3.28 B. Diagrammatic representation of the listerial DNA insert
in pJM7. A schematic diagram showing the chromosomal DNA flanking the erm-
proximal end of transposon insertion. The 298 bp fragment immediately flanking the
transposon showed significant homology to the flauA promoter region of L.
monocytogenes while the 209 bp fragment further downstream (ORFA) from the
transposon showed significant homology to cheV of B. subtilis. The arrowheads

indicate the direction of transcription of these putative genes.
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Figure 3.29 shows a comparison of the flaA promoter region (Dons ez al., 1992) with
the nucleotide sequence of residues 1 to to 335 of the insert. The important features are
highlighted and include the consensus boxes -10 and -35, the 028 consensus regions
and also the putative transcription initiation site of the flaA mRNA (+1). Noticeably,
the putative ribosome binding site (rbs) is not present but presumably is present on the
chromosomal DNA flanking the other side of the transposon, together with the
sequence encoding the structural flagellin. This supposition was investigated and is

discussed below in section3.6.1.

Interestingly, in this study, the presence of a Fur-like box, similar to those identified
upstream from iron-regulated genes of E. coli (de Lorenzo et al., 1988) and other
bacterial species (Tai & Holmes, 1988) was observed between residues 243 to 257.
This 15-bp motif was identified using Genetic Computer Group programs, while
looking for Fur-like box motifs (de Lorenzo et al., 1988) or a Dtx-recognition
sequence (Murphy et al., 1978; Tai & Homes, 1988) in the listerial DNA sequence.
The reason for looking for these motifs was due to the iron-related phenotype of mutant
7D. The Fur-like box is typically found upstream from iron-regulated genes of Gram-
negative species, although a similar motif was found upstream from another listerial
gene, the katG gene (Haas, et al., 1991). The Dtx recognition sequence was identified
upstream from the Corynebacterium diptheriae, iron-regulated, tox gene (Murphy, et
al., 1978) and was thought to be a Gram-positive equivalent of the Fur box. This new
finding of a Fur-like box upstream from flgA is discussed in more detail in section 4.3.

No Dtx recognition sequences were identified in the flaA promoter region.
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Figure 3.29. Comparison of region 1 to 335 of the pJM7 insert to the
flaA promoter region from L. monocytogenes. Comparison of the 300 bp
immediately flanking the erm-proximal end of transposition in mutant 7D with the
designated promoter region of the listerial flaA gene (Dons et al., 1992). The important
features, -35, -10, 028, transcription initiation site (+1) are indicated. The transposon
inverse repeat is indicated by IR. Identical nucleotides are indicated by asterisks. The

Fur-like box, identified using Genetics Computer Group programs is shown.
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3.6.1 Polymerase chain reaction (PCR) amplification and sequencing of
the chromosomal DNA at the erm-distal end of the transposon in mutant

7D

To confirm that the transposon had inserted into the flagellin encoding gene of L.
monocytogenes, the chromosomal DNA flanking the erm-distal end of the transposon
was sequenced. A different approach to the determination of this sequence was taken
and involved PCR amplification using a primer complimentary to a fragment of DNA
containing part of the erm-distal end of the transposon and a primer complimentary to a
region of the flaA sequence (Dons et al., 1992) which we were assuming was present
at the erm-distal side of transposition. This approach is shown diagrammatically in
Figure 3.30. The primers used were designated ERM.DIST and FLLAA. Primer
ERM.DIST, GGCCTTGAAACATTGGTTTAGTGGG, was based on a region of
Tn917, 100 bp from the erm-distal inverse repeat (D-IR) (Shaw & Clewell, 1985) and
was made in the sense direction to facilitate priming towards the flanking chromosomal
DNA. Primer FLAA, GCAGCAACTGTAGAACCACTACCTA, was based on a
region of the flaA gene of L. monocytogenes (Dons et al., 1992), approximately 600
bp from the ribosome binding site and was made in the antisense direction to facilitate
priming towards the transposon. Therefore, the predicted length of PCR product
expected from ERM.DIST to FLAA was be approximately 700 bp.

The PCR reactions were performed as described previously (section 2.11) using Taq
DNA polymerase and 35 cycles of: 94°C, 30 sec; 56°C, 1 min; 72°C, 2 min. The
resulting PCR products were analysed on a 0.7% (w/v) agarose gel (Figure 3.31).
Lane 2 shows the PCR product obtained when chromosomal DNA from L.
monocytogenes, mutant 7D was use as the template while lane 3 shows the result
obtained when L. monocytogenes, wild type DNA was used as a template. Not

surprisingly, no PCR product was obtained when wild type DNA was used as
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Figure 3.30. PCR approach to sequence the erm-distal flanking
chromosomal DNA in mutant 7D. Diagram showing the approach taken to
sequence the listerial DNA flanking the erm-distal end of the transposon insertion.
Primers ERM.DIST and FLLAA were used to amplify a 700 bp fragment at the erm-
distal end of the transposon. Using the pCRScn'ptSK Cloning Kit the PCR product
produced was subcloned into the vector to produce a plasmid designated pJMS9.
pCRScriptSK is essentially pBlue,scn'ptSK with an Srfl site in the multiple cloning site
(indicated by the grey box). Two alternate forms of pJM9 could have been produced,
depending on the orientation of insertion of the PCR product into pCRScriptSK.
However only form form is shown in the diagram opposite. pJM9 was used for
sequencing the erm-distal flanking DNA with T3 and T7 primers.
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Figure 3.31. Gel electrophoresis of PCR products representing the
chromosomal DNA at the erm-distal side of transposition. L.
monocytogenes mutant 7D (lane 2) and 10403S (wild type; lane 3) genomic DNA was
used as templates for amplification with ERM.DIST and FLAA primers. Tag DNA
polymerase was used according to manufacturer's instructions (GIBCO-BRL). Lanes
1 and 4 represent 1 kb ladder. The samples were analysed on a 0.7% (w/v) agarose

gel.
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a template because the wild type DNA lacks the ERM.DIST complimentary sequence

within the transposon.

Using the method provided with the pCRScriptSK Cloning Kit (Stratagene), the
fragment was firstly polished using pfi DNA polymerase at 72°C for 30 min to ensure
the PCR product was blunt-ended. The PCR product was cloned into the Sr/l site of
the vector to produce a plasmid designated pJM9. Restriction digests of this plasmid
were performed to confirm the successful insertion of the PCR product into
pCRScriptSK (Figure 3.32). A single BamHI digest, linearised pJM9 to give a band
of approximately 3.7 kb (lane 3) while a BamHI-Not] digest resulted in release of the
700 bp insert from the vector (lane 4). For comparison the PCR product alone (lane 2)

SK (lane 5) are shown.

and BamHI-digested pCRScript
Having successfully cloned the PCR product into pCRScriptSK, plasmid pJM9 was
used as a template for sequencing the 700 bp insert to determine whether the flaA gene
was flanking the erm-distal end of the transposon. DNA sequencing of both DNA
strands was performed three times using primers T3 and T7. From the three sequences
obtained, the complete nucleotide sequence of the PCR product was determined and the
nucleotide sequence from the erm-distal inverse repeat to the end of the insert, as
indicated by the FLLAA primer site, is shown in Figure 3.33. The deduced amino acid
sequence, with homology to the FlaA sequence is shown below the nucleotide
sequence and an alignment of this amino acid sequence with the previously published

flagellin amino acid sequence (Dons et al., 1992) is shown in Figure 3.34.
It was concluded that the transposon had inserted into the flaA gene of L.

monocytogenes at a site between the transcription initiation site (TATA; +1) and the

ribosome binding site (rbs). This is shown diagrammatically in Figure 3.35.
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Figure 3.32. Restriction digests of plasmid pJM9; essentially
pCRScriptSK containing the PCR product shown in Figure 3.31.
Plasmid pJM9 was digested with BamHI (lane 3) or BamHI-Notl (lane 4) and analysed
on a 0.7% (w/v) agarose gel. The PCR product alone (lane 2) and BamHI-digested
pCRScriptSK (lane 5) were included to enable size comparisons. Lanes 1 and 6

represent 1 kb ladder.
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Figure 3.33. Nucleotide sequence of the PCR product shown in Figure
3.31. The sequence of the PCR product representing listerial DNA from the erm-
distal end of transposon insertion in mutant 7D. The region from the ERM.DIST
primer site to the FLLAA primer site is shown. Also indicated are the positions of the
erm-distal inverse repeat (D-IR) and the putative ribosome binding site (rbs) upstream
from the flagllin encoding sequence (nucleotide 156). The deduced amino acid

sequence with is shown above the nucleotide sequence.
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Figure 3.34. Comparison of the deduced amino acid sequence of the
insert in pJM9 with the listerial flagellin sequence. Comparison of the
amino acid sequence deduced from the listerial DNA flanking the erm-distal end of the
transposon, with the previously published FlaA sequence (accession number X65624).
Amino acid residues are written in the single-letter code. Identical amino acids are
indicated by a (I). Insertions included to obtain maximum homology are marked by a

(.).
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Figure 3.35. Diagrammatic representation of Tn917 insertion into the
flaA gene of mutant 7D. Schematic diagram showing insertion of Tn917 into the
flaA gene of L. monocytogenes mutant 7D. The chromosomal DNA at the erm-
proximal side contains the promoter region of the gene (indicated by -10, -35, 028, and
fur-like box) until the transcription initiation site (indicated by +1) while the
chromosomal DNA at the erm-distal end of insertion contains the ribosome binding site
(indicated by rbs) and the structural flagellin encoding sequence (indicated by M, K, V,
N, the first four amino acids of FlaA [Dons er al., 1992]). Details of the transposon

were given previously. The diagram is not to scale.
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3.6.2 Analysis of the region of DNA in mutant 7D with significant

homology to the cheV gene of B. subtilus

Although the objective of this section of the study was to determine the nucleotide
sequence of the chromosomal DNA into which Tn9/7 had inserted, the region
upstream from the flaA promoter was analysed further, as the preliminary data shown
in section 3.6 suggested the presence of a previously undescribed listerial gene in this
region. This gene was shown to be 55% identical at the amino acid level to cheV of B.

subtilis.

The preliminary data (Figure 3.28A) showed the presence of 290 bp of DNA, upstream
from the flaA promoter, which encoded ORFA and was shown to have 55% amino acid
identity to the C-terminal of the CheV protein of B. subtilus (Fredrick & Helmann,
1994). In this section the sequence of the remainder of this gene was determined and
the encoding amino acid sequence was compared with CheV and and other Che

proteins.

To obtain more sequence for this listerial CheV-like protein, plasmid pJM6, was used.
A description of how this plasmid was constructed was given previously (Figure 3.24).
pJM6 is an 8 kb plasmid containing 5 kb of listerial chromosomal DNA which flanks
the erm-proximal end of the transposon. Complete sequence data was obtained in
section 3.6 for the 500 bp immediately flanking the erm-proximal side of the
transposon (see Figure 3.28A) and this included the region with homology to the cheV
of B. subtilis. Primers CHEV1 (TCGGCTTACTTACTTGTGCGTCGGC) and
CHEV?2 (GAAAATATGTTGCTTGGGCTTCGCG) were based on the region of pJM6
with homology to the cheV gene of B. subtilis. They were synthesised in the sense
direction to facilitate priming towards the unsequenced chromosomal DNA in pJM6.
This is shown diagrammatically in Figure 3.36. A fragment of approximately 600 bp

was successfully sequenced using primers CHEV1 and CHEV?2 and the sequence is
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Figure 3.36. Map of pJM6 indicating the positions of primers CHEV1
and CHEV2. Detailed map of pJM6, essentially pBluescriptSK containing a 5 kb
Hindlll-Sall fragment of listerial DNA from the erm-proximal side of transposon
insertion. The approximate locations of the CHEV1 and CHEV2 primers are indicated.
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shown in Figure 3.37. The predicted amino acid sequence is shown below the
nucleotide sequence. The sequence which was determined initially in section 3.6
(Figure 3.28A) is shown in double strand; the position of the CHEV1 and CHEV2
primer sites are also shown. Athough time limitation did not allow sequencing of both
the sense and antisense strands of this fragment of DNA during this study, the
nucleotide sequence and deduced amino acid sequence obtained, allowed comparisons
to be made with sequences in databases using BLASTN AND BLASTX programs
(National Centre for Biotechnology Information, Los Alamos, N.MEX).

When the amino acid sequence shown in Figure 3.37 was searched against protein
database using the BLAST programs, homology was found to a number of proteins
belonging to a family of proteins known as two component regulators. The highest
similarity:identity (61%:55%), was to the CheV protein of B. subtilis (Fredrick &
Helmann, 1994). An alignment of this novel listerial sequence with the B. subtilis
CheV is shown in Figure 3.38. The B. subtilis CheV protein has been shown to
contain two functional domains: the N-terminal domain showing similarity to the sensor
protein CheW and the C-terminal domain showing similarity to the CheY response
regulator domain and these are indicated in Figure 3.38. The active site residues
(amino acid E181, D182 and K287) and the site of phosphorylation of this protein
(amino acid D236) which have previously been described (Fredrick & Helmann. 1994)
in the CheY-like domain of the B. subtilis CheV were also present in the listerial
protein. The CheW-like domain of the B. subtilis protein is 90 amino acids longer than
putative listerial CheW-like domain (Figure 3.38), however the significance of this was

not investigated further.

The listerial CheV amino acid sequence determined in this study was aligned with the
recently published sequence of the listerial CheY protein (Dons et al., 1994) using
Genetic Computer Group programs (Figure 3.39). This alignment confirmed the

homology of the listerial CheV C-terminus to the response regulator CheY. In this
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Figure 3.37. Nucleotide sequence and deduced amino acid sequence of
a novel listerial gene. The nucleotide sequence and deduced amino acid sequence
of a 800 bp fragment of listerial DNA which lies upstream from the flaA promoter
region. The putative -10 and -35 regions are indicated. The stop codon and possible
downstream termination sequences are also indicated. The sequence which was
determined previously in section 3.6 (Figure 3.28A) is shown in double strand; the

position of the CHEV1 AND CHEV2 primer sites are indicated.
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Figure 3.38. Amino acid comparison with CheV of B. subtilis.
Comparison of the amino acid sequence from Figure 3.37 with the already published
CheV sequence of B subtilis (Fredrick & Helmann, 1994; accession number: Z29584).
Amino acid residues are written in the single-letter code. Identical amino acids are
indicated by a (*) and conserved substitutions by (:). The two functional domains of
CheV, with similarity to CheY and CheW of B subtilis are indicated. Conserved active
site residues are indicated by (==) and (") and the site of phosphorylation is indicated

by (+).
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Figure 3.39. Alignment of this novel listerial protein with the listerial
CheY protein. Alignment of the amino acid sequence from Figure 34 with the
previously published CheY of L. monocytogenes (Dons et al., 1994; accesion number
X76170). Amino acid residues are written in the single-letter code. Identical amino
acids are indicated by (*) and conserved substitutions by (:). Conserved active site
residues are indicated by (==) and (") and the site of phosphorylation is indicated by
(+)-
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Figure the presence of an additional 75 amino acids upstream from the CheY-like
domain of this listerial CheV protein is evident. Presuming, the listerial CheV is
identical to the B. subtilis CheV, these extra amino acids would represent the CheW-
like domain of the listerial CheV. From Figure 3.38, it is evident that the listerial
CheW-like domain is approximately 90 amino acids less than the B. subtilis CheW-like
domain. To date, no listerial CheW protein has been described, thus, no further

analysis of the N-terminal 75 amino acids listerial CheV protein was performed.
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3.7 Sequence analysis of chromosomal DNA flanking the erm-proximal

end of the transposon in mutant 9E

Sequencing of the entire fragment of L. monocytogenes DNA present in pJM2 was
performed using the Automated Prism DyeDeoxy Cycle Sequencing kit (Applied
Biosystems). Plasmid pJM2 is a 14 kb plasmid which was rescued from mutant 9E as
described previously (section 3.5). It contained approximately S00 bp of chromosomal
DNA which immediately flanked the erm-proximal side of the transposon. The primers
used were designated ERM.PROX and HI-5 and the positions of the complimentary
sites on pJM2 are shown in Figure 3.40. The ERM.PROX primer,
GCAATAACCGTTACCTGTTTGTGCC, was based on a region of Th917 120 bp
from the erm-proximal inverse repeat (P-IR) (Shaw & Clewell, 1985) and was made in
the antisense direction to facilitate priming towards the flanking chromosomal DNA.
Primer HI-5, ACGAAAATAACTAAACTGCTITGGC, was based on a region of
Tn917, 30 bp from the Hindlll site at residue 3025 of T7n917 (Shaw & Clewell, 1985).
This primer was made in the sense direction to enable sequencing of the chromosomal
DNA insert in pJM2 (Figure 3.40). Sequencing of this chromosomal DNA insert in
pJM2 was performed three times and the nucleotide sequence obtained is shown in

Figure 3.41. The region from P-IR to the HindIII site in pJM2 is shown.

The sequence was searched against nucleic acid and amino acid databases using
BLASTN and BLASTX programs (National Centre for Biotechnology Information,
Los Alamos, N.MEX), available on the internet (http//:www.ncbi.nlm.nih.gov/cgi-
bin/BLAST/). The results indicated that the listerial DNA fragment (approximately 320
bp) immediately flanking the erm-proximal end of the transposon was significantly
homologous to a gene involved in the synthesis of an enzyme involved in bacterial
arginine biosynthesis, argC (Cunin et al., 1986). This gene has been found in B.
subtilis (Smith et al., 1990) and also in other bacteria including Streptococcus mutans

(Cardineau & Curtiss, 1987), E.coli (Parsot et al., 1988) and Mycobacterium
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Figure 3.40. Diagrammatic representation of pJM2 showing the
ERM.PROX and HI-§ primer sites. Detailed map of plasmid pJM2 recovered
from mutant 9E by Hindlll digestion of chromosomal DNA, self ligation and
transformation into E. coli MC1061. The positions and directions of the ERM.PROX

and the HI-5 primers are shown.
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Figure 3.41. Nucleotide sequence of the listerial DNA in pJM2. The
sequence of the listerial DNA, from the erm-proximal inverse repeat (P-IR) to the
HindlII site indicating the end of the listerial DNA, is shown. The deduced amino acid
of ORFB is shown undemeath the nucleotide sequence where the single letter code was

used. Further detail on promoter region upstream from ORFB is given in Figure 3.43.

140



tuberculosis (Phillip et al., 1996) and its role in arginine biosynthesis is discussed in
more detail in section 4.4. The remaining sequence showed no similarity to any

sequences in the database and was not analysed further.

The region with homology to argC genes of other bacterial species was designated
ORFB and is shown in Figure 3.41. An alignment of the deduced amino acid sequence
of ORFB with ArgC proteins from other species is shown in Figure 3.42 and further
details of the homologies are given in Table 3.6. As evident from Figures 3.41, 3.42
and the data in Table 3.6, ORFB is homologous to the N-terminus of the ArgC proteins
and the orientation of the gene was towards the transposon, suggesting that the
remaining gene sequence should be present at the erm-distal end of the transposon.

This was investigated further (see below, section 3.7.1).

Not surprising is the fact that the region immediately upstream from ORFB in the erm-
proximal chromosomal DNA was shown to be homologous to the B. subtilis argC
promoter region (Smith et al., 1986). This is shown in Figure 3.43. The positions of
the putative -10 and -35 regions are indicated. Using the Genetic Computer Group
programs attempts were made to identify an arginine box upstream from ORFB, the
putative listerial argC gene. Arginine boxes have been shown to exist upstream from a
number of genes involved in the biosynthesis of arginine in E. coli (Parsot et al., 1988)
and B. subtilis (Smith et al., 1990) and are involved in the regulated expression of arg
genes by environmental arginine. A potential arginine box was identified upstream

from ORFB and is shown in Figure 3.43.

Interestingly, in this study, the presence of a Fur-like box, similar to those identified
upstream from iron-regulated genes of E. coli (de Lorenzo et al, 1988) and other
bacterial species (Tai & Holmes, 1988) was iedntified and is shown in Figure 3.43
also. This 18-bp motif was identified using Genetic Computer Group programs, where

attempts were being made to identify a Fur-like box (de Lorenzo et al., 1988) or

141



Figure 3.42. Comparison of the amino acid sequence of ORF B with the
amino acid sequence of various ArgC proteins. Alignment of the ORF B
from L. monocytogenes with ArgC proteins from other bactenal species, including B.

subtilis, E. coli, S. mutans and Mycobacterium tuberculosis.
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Table 3.6. Details of homologies observed between ORFB from L.

monocytogenes and ArgC proteins of other bacterial species.

Homology!  Organism Protein2 Accession  Reference

(Region) Number

42% 1 B. subtilis ArgC M15420 Smith et al., (1990)

57% S (a.a. 1-52)

37% 1 E. coli ArgC M21446 Parsot et al., (1988)
62% S (a.a. 6-32)

38% 1 S. mutans ArgC P10539 Cardineau &Curtiss,
45% S (a.a. 4-49) (1987)

50% 1 My. tuberculosis ArgC 785982 Phillip et al., (1996)
68% S (a.a. 11-32)

li=identity; S=similarity

2region of ArgC with homology to ORFB; a.a.=amino acid

143



Figure 3.43. Comparison of the promoter region from the B. subtilis
argC gene with a region upstream from ORFB in mutant 9E. The region
from residues 282 to 346 in Figure 38 was shown to have 70 % similarity and 67 %
identity to the region from residues 22 to 87 of the B. subtilis argC nucleotide
sequence. This region represents the argC promoter region in B. subtilis. The
positions of the putative Fur box and Arginine box are shown in addition to the the

translational start codon for ORFB.
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TAT TTT TTG ACG CGT TCA CTT TCC TCA AAG CGC TAA ATA AAA TTC TAA TTG GCA AAG GAT

61 -10 120
GAG TAT CAT TTA ATA ATT AAC GGG GAG GGG TAG GAT GAA AGT TTC AAT CAT TGG CGC GAC
CTC ATA GTA AAT TAT TAA TTG CCC CTC CCC ATC CTA CTT TCA AAG TTA GTA ACC GCG CIG

121 ' Arginine Box Fur Box 160
TAG TTT TAA ATA|TTA ATA AAA AAC CAT TTG ACA TTA TAA ATA TAC ATC ATT TTA AGG AAA
ATC AAA ATT TAT|AAT TAT TTT TTG GTA AAC TGT AAT ATT JAT ATG TAG AAT TCC TIT

161 ORFB 240
IM K vs I I G AT

AGT ATC ATT TAA TAA TTA ACG GGG AGG GGT AGG ATG AAA GTT TCA ATC ATT GGC GCG ACG

ICA TAG TAA ATT ATT AAT TGC CCC TCC CCA TCC TAC TTT CAA AGT TAG TAA CCG CGC TGC




a Dtx-recognition sequence (Murphy et al., 1978; Tai & Homes, 1988) in the listerial
DNA sequence. As mentioned previously in section 3.6, the reason behind looking for
these motifs was due to the iron-related phenotype of mutant 7D. The Fur-like box is
typically found upstream from iron-regulated genes of Gram-negative species, although
a similar motif was found upstream from the listerial katG gene (Haas, et al., 1991).
The Dtx recognition sequence was identified upstream from the Corynebacterium
diptheriae, iron-regulated, fox gene and was thought to be a Gram-positive equivalent
of the Fur box (Murphy, et al., 1978). This finding of a Fur-like box upstream from
argC is discussed in more detail in section 4.4. Thus, having identified the N-terminal
region of a putative argC gene at the erm-proximal end of transposition, the next stage
of the investigation was to determine the sequence of the chromosomal DNA flanking

the erm-distal end of transposition to confirm the presence of the remainder of argC.

3.7.1 PCR amplification and sequencing of chromosomal DNA at the

erm-distal end of the transposon in mutant 9E

To confirm that the transposon had inserted into a putative argC gene of L.
monocytogenes, the chromosomal DNA flanking the erm-distal end of the transposon
was sequenced. This involved a similar approach to that adopted for cloning and
sequencing the erm-distal DNA from mutant 7D (section 3.6.1). A fragment of DNA
containing part of the erm-distal end of the transposon and a region of chromosomal
DNA immediately flanking this was amplified by PCR. Primers ERM.DIST
GGCCTTGAAACATTGGTTTAGTGGG, based on a region of 7Tn917, 100 bp from
the erm-distal inverse repeat (D-IR) (Shaw & Clewell, 1985) was used again while the
other primers used where designated ARGC! and ARGC2. Primers ARGCI,
GCCTGGATTGGCAATGAGTTTCGC, and ARGC2,
TAAAGTTTTGCACTGCCTGACCGGC, were based on regions of the B. subtilus
argC gene (Smith et al., 1990;) and are indicated previously in Figure 3.42. Primers
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were based on regions of conservation among proteins encoded by the argC genes of
different bacteria. An alignment of the nucleotide sequences of the argC genes from B.
subtilis, E. coli, Streptococcus mutans and Mycobacterium tuberculosis, showing the
positions of the ARGC1 and ARGC2 primer sites is shown in Figure 3.44. Primers
ARGC1 and ARGC2 were made in the antisense directions to facilitate priming towards
the transposon. A simplified diagram of the approach to sequence the erm-distal
flanking DNA is shown in Figure 3.45 and the presumed positions of the ARGC1 and
ARGC?2 primer sites are indicated.

From the known sequence of 7n917 (Shaw & Clewell, 1985), it was predicted that the
ERM.DIST primer site is approximately 50 bp from the distal inverse repeat (D-IR).
From the known sequence of argC from B. subtilis in addition to the known sequence
of the listerial chromosomal dNA flankingerm-proximal flanking chromosomal DNA,
the ARGC1 and ARGC?2 primer sites were predicted to be 300 bp and 750 bp from the
D-IR, respectively. The predicted length of PCR products were 400 bp and 850 kb
from ERM.DIST to ARGC1 and ERM.DIST to ARGC2, respectively.

PCR reactions were performed as described previously, using Taq DNA polymerase
and 35 cycles of: 94°C, 30 sec; 60°C , 30 sec; 72°C, 3 min. The resulting PCR
products were analysed on a 0.7% (w/v) agarose gel (Figure 3.46). Lane 2 shows the
PCR product obtained when chromosomal DNA from mutant 9E was used as the
template and ERM.DIST and ARGC2 were used as primers. A band of approximately
850 bp was visible. No PCR products were produced when DNA from mutant 9E and
primers ERM.DIST and ARGC1 were used (Lane 1) or when DNA from the wild type
strain was used as the template with primers ERM.DIST and ARGC2 (Lane 3). No
product was expected for the latter reaction, however, a product of approximately 350
bp was expected from the former reaction. The reason why no product was produced

using the ARGC1 and the ERM.DIST primers was not investigated further.
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251

AACACGAAAT
GCCCAGGGGT
TCGGTGGCCA
TGTTTCGGCA

301

GAATTGACTC
GATTTAGCGC
GTGTTGGCGC
TTGATAATAC

351

AGGTGATCTG
CGGCGCGTTT
GGCGGACTTT
CCTGAAGTCA

401

GGACAGCGGC
TTACCCATCA
CGTCGCACGC
TCCTAACTGC

451

CGGGAC....

501

..........

..........

GAGGAATGCA
AACATAACCG

..........

CTATAGCGAG
AATCTCCGAT
GCTCGGCGAA
GCAATATAAA

GATCAGCAGC
GATCTGCCGT
CATCGAGTAG
TTGAAGCTGT

AGATATCATG
GGACGTAGTG
TGACGCCGTC
AAATTTGCTC

CAAAGCTGGC
CGCAGTTTCT
AGCAACTG. .
CTCTCATTTT

AGGATAAAAG
CGTGTTAACG
CGGCTCACCG
ATGCTTATGC

. .ACCGAAGG
. .ATACCCGG
CGGTAGCTGG
TCAACGATTC

..........

TGAAGCCGAT
TGCAGCCGAT
TCGAACCCAC
TGATATTGCG

TTTCTCGCTG
TTTCTCGCCA
TTCTTGGCCT
CCTATGCAGT

AGACGCGGGA
TGAAGCGGGC
.AGCCCCGAG
CGTCAAAATC

AACCGGCTGA
ACGCCACCTT
ACGCCGCCGT
TATGGATGCT

CGGTGATTCA
AACTGTTGGA
CCGTATGGGT
AAATGATGGT

..........

.. .TGATATG
GTCGGATATC
CGAAGCT. . .
CTTTTTTCAG

CGCCGCCCGG
CCGCCCATGA
TGCCGCACGG
CAAAGCTGGT

ATTACGGTTA
TGCGTGGTGT
ACACTGATCA
CAGATGTGCC

ATATGAAAAA
CTATGAAAAA

CATAATGGGA

AGAGGCGGTA
ACAGGCAGCC
TGCCCGAGCT
AGCCTTGGAA

200
CTCATCTTAC
CGCAGCTAAA
CGCACCTGAC
ATTAACTACG

250
AATACGATCA
AGCGAGTTTA
.. .GCCGTGC
CTGGCGGTTC

300
AGTATCAAGT
AGTTAGCCAC
GCATTCGGCG
GCAGTCGTTG

350
TTGATCTGTC
TCGACCTTTC
TCGACTGCGG
TTTGGTTGTT

400
TGGTATAAAC
TATTACGGCT
TTCTACGGGT
TTATTGCTTG

450
TACGGTCTGG
TACGGTCTGG
GCCGGGCGCG
CCTATTCGTC

<<<<ARGC1l<<<< 500
CAGAACTGAA TCAACTGCAA ATTCAACAGG CGAAACTCAT TGCCAATCCA
CGGAGTGGTG CGGTAATAAA TTAAAAGAAG CGAATTTGAT TGCGGTGCCG
....... CAA TTGCGCGGCA CCCGCCGCAT CGCGGTGCCC
AAAAATGGGG ATTAAGTCGT GTTATTGTTT CAACCTATCA AGCTGTTTCA

550

GGCTGTTTTC CAACAGCTGT TTTGCTTGGC CTCGCGCCAT TGGCTCAAAA
GGCTGTTATC CGACGGCGGC ACAGCTGGCG CTGAAACCGT TGATTGATGC
GGCTGCTATC CGACCGCGGC ACTGCTGGCG CTTTTTCCCG CGCTGGCCGC
GGAGCAGGTC AATCAGCTAT TAATGAAACT GTTCGTGAAA TTAAAGAAGT



Figure 3.44. Alignment of argC nucleic acid sequences from various
bacterial speices: postions of ARGC1 and ARGC2 primer sites. The
nucleotide sequences of argC genes from B. subtilis (Smith et al., 1990; M15420), E.
coli (Parsot et al., 1988; M21446), S. mutans (Cardineau & Curtiss, 1987; P1053) and
M. tuberculosis (Phillip et al., 1996; Z85982) were aligned and the regions on which
the ARGC1 and ARGC2 primers were based was highlighted.
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GAAACTGCTC
CGATCTTCTT
AGACCTTATC
TGTTAATGAT

701

GGAAATTGAG
AGAGATCGCC
CGAGATCGCT
TAACGAAACC

751

CATTTTCGGC
TCTTCACCCC
CGTTTACCCC
ATTGTGTTCG

801

TATACCAGAT
ACCTGCCGCC
ACGGCACGCA
ATATTGAAAC

851

TTCGGAATTT
ACAGCAGGCG
cgaaaaggcc
GCAGCATTTC

901

AGTACCCGCA
CGTTCCGGCG
AGCTGCCGCG
CCCACAAGCA

951

GTGACCCTCG
TTTGCCGTTC
GTCGCGGTGG
GTAAGGATTT

1001

1051

GA...TGAAT
GACCTCAATC
GAGCCCG. . .
GGTGTGGATC

AGGGCGTAAA
GGGTCGTGCG
TAAAAAGCAT

TTAAAATTTA
TGCAACCGTA
CGCGCGCCTA
TCACCGATAA

ACACACCTCG
CAAGGGCTAC
AAGAAAATCA

TCACTTGTTT
ACATCTGGGC
GGTGCTGATC
TGTTCCAATC

TAACCTGTGA
TGAAATCGGG
CCCGATC. ..
TAAAGACGTT

TACCAAGATT
TATGCCCATA
taccatgcag
CAGGTGCTGT

AACGAAAGAA
CTGAAAAATG
CACCGGCGCG
GCGAATGCTG

CTTTCGTTAT
AGTGGCCGGT
.. .CGGTGAC
CTAAAGCTGT

GCATCCATGG
GCGGCCATTT
GCCACCACCG
TATCCAATTG

TAA...AGTC
TGG. . .CGTC
CAACATCGCC
TGATTATACT

CCGATGACAA
AATTTCCCGC
CCGGCCTCCC
CTTTTTTCA.

CCTAACCGCA
TGTGACCCAG
. . .ACCCCTG
GCTCCAATTG

CATATTTTGT
AACCGCTGGT
agcctttcat
TCTTGAAGAT

GTGTACGGCA
TCGTTGGGCT
GTGATCGGCA
TTGGCAGTCG

GAACAGAGTC
CGAGCATCTG
GCAGACGTTC
AAATGGTATT

CGTTGACGCG
GATCAACGCC
CGTGGTCGCC
TCATGCTGAT

GAACTCATTT
CAAACAGCTT
ACTTGCTGGG
CTTTCAATGC

AATGAACATC
TTTACTCATC
GGCGTCCACC
TATGAAGAAA

GGGGCATCAT
GCGGCATTCT
GTGGCATCCT

GATGACCTGC
GCGCAAGTCG

AAGAAGTAAA

GAGAGTGAGG
GCGGCTGTAT
ttatctgatg
GATATTAAAC

GCAATTTCTG
GCCATTT.TG
GCAACGCAGC
TACTTTTGTC

ACGATCGTCT
ATTATTGTGG
GTGGCGATCG
CATATGTGGG

<<<ARGC2<<<<
TAATTTAATG AAGGGTGCCG _CCGGTCAGGC AGTGCAAAAC TTTAATTTGA
CAACTTACTG AAAGGCGCGG CGGCACAAGC GGTACAGTGC GCCAATATTC
CAACCTGGTC AAGGGCACCG CCGGCGCCGC GGTGCAATCG ATGAACCTGG
CAATCTTCTT AAAGGTGCTG CTTGGAATTC AATCATCACC GCTAACCGTC

600
AAGACCGGTG
ACCAGCGGCG
GTGAGCGGTA
ATTTTTCCAT

650
TTCTGAGCTG
TTGTGAAGTT
CGCGGAGGTC
TTTGGCACAG

700
AGCACACGCC
GCCATCAACC
GGCACACCCC
TGAAGATGAC

750
GGGCCCATTA
GCTGACGTTA
GTCTCGGTCT
GTTTCGGCCC

800
GGCGACGATG
CGAAACCATT
GGCCACCTGC
GAGGCTGTTT

850
ATGATTTATA
CGCAAGTGTT
GGGCAGCCTA
AGCAGCTATT

900
CCAAAAGGTC
GACAAAGG. .
ccggaggggc
ATCAAATTTA

950
TGATATCGCC
CGATATCGGG
GCACATCGCC
GGCCGTATTC

1000
CGGTAATCGA
CGACCGAAGA
CCGCGATCGA
TCGTTTCAGA

1050

1100

TGAATGGCTG GAATGAAGAA ACTGGACTCA CCATCACGCC AATTTATCCA
GTTTCGGCTA TGCGGAAACG CAGTCTCTTA TTTAA.....
CGCTGGGCTG GCCGGAGACC GACGGCCTTT CGGTTGTGGG GGTGGCGCCG
TACATGAACG GGGTCTTGTT CGTTCGACAT CAGAATTGAA GTTTGAACTG

..........




Figure 3.45. PCR amplification of the erm-distal flanking
chromosomal DNA in mutant 9E. Diagram showing the approach taken to
sequence the listerial DNA flanking the erm-distal end of the transposon insertion.
Primers ERM.DIST and ARGC1, were used to amplify a 350 bp fragment at the erm-
distal end of the transposon, while primers ERM.DIST and ARGC2 were used to

amplify a 800 bp fragment.
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Figure 3.46. Gel electrophoresis of PCR products representing the
chromosomal DNA at the erm-distal side of transposition in mutant 9E.
L. monocytogenes mutant 9E genomic DNA was used as a template for amplification
with ERM.DIST and ARGC1 (lane 1) or ERM.DIST and ARGC2 (lane 2) primers.
Wild type genomic DNA was used as a template with ERM.DIST and ARGC2 primers
(lane 3). Taq DNA polymerase was used according to manufacturers instructions
(GIBCO-BRL). Lane 4 represents 1 kb ladder. The samples were analysed on a 0.7%

(w/v) agarose gel.
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Repeated attempts were made to amplify this 850 bp PCR products to enable
subcloning into pCRSriptSK for sequencing. This proved unsuccessful. Due to time
limitation, this was not investigated further. Thus, in contrast to the results for mutant
7D, were sequence data was determined for both the erm-proximal and the erm-distal
chromosomal DNA, only sequence data for he erm-proximal chromosomal DNA was
determined for mutant 9E. However, for the purpose of this investigation, the
sequence for the erm-proximal chromosomal DNA strongly indicated that in mutant 9E,
a putative argC gene had been disrupted by transposon insertion. The possible
correlation of this mutation to the iron-related phenotype of mutant 9E is discussed in

section 4.4.
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3.8 Further analysis of the flaA listerial mutant (7D) and the putative argC
listerial mutant (9E)

3.8.1 Determination of a relationship of the flaA mutation to the iron-related
phenotype of mutant 7D

Having identified the gene which was disrupted by insertion of Th917-pLTV3 in

mutant 7D, experiments were performed to investigate this mutant further.

Microscopic examination was performed on mutant 7D, the flad mutant, to assess
whether the flaA mutation affected the motility of the cell and also to examine
whether individual cells possessed a structural flagellin. Phase microscopic
examination was performed previously, (Section 3.3, Phenotypic analysis of mutants
7D and 9E) and the results suggested that mutant 7D had markedly reduced motility
compared with the wild type strain (L. monocytogenes, 10403S) and mutant 9E. This
visibly reduced level of motility was noted in section 3.3 and may now be explained
by the fact that the gene disrupted in this mutant was in flaA, encoding the flagellin

structual protein.

Electron microscopic examinations of cultures of mutant 7D and the wild type strain
were performed to assess whether flagella were present on the cell. Optimal
conditions were used for growing the cells being used for electron microscopic
examination of flagella (Kathariou et al., 1995). Cells were grown until logarithmic
phase at 22°C in TSB medium and a sample of these cells were used for examination.
The electron microscopy was kindly performed by Robert Gilbert (Department of

Microbiology, University of Leicester)

The results are shown in Figure 3.47. Flagella were visible on cells of the wild type

strain (Figure 3.47A), while cells from a culture of mutant 7D very clearly, lacked
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Figure 3.47. Comparison of electron micrographs of flagella production by L.
monocytogenes mutant 7D and the wild type (10403S) grown at 22°C in TSB.
Electron mircroscopy was performed by R. Gilbert as described briefly in Materials
& Methods. Bacterial cells were placed on a carbon coated grid, stained using uranyl
acetate and visualized using a Jeol 100-CX transmission electron microscope at an

accelerating speed of 100kV. Figure A, magnification factor 10K; Figure B,

magnification factor, 14K.
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flagella (Figure 3.47B). This suggested that the fluA mutation resulted in the

complete lack of flagella on the bacterial surface of cells of mutant 7D.

The relationship of this flaA mutation to the iron-related phenotype observed in
section 3.2 is unclear. The reason, if any, why the absence of structural flagella in
mutant 7D resulted in a reduced ability to grow in a low-iron medium is not known
although this is discussed further in section 4.3. The fact that flagellin encoding
genes from other bacteria including, B. subtilis (Chen & Helmann, 1994) and E. coli
(Guzzo et al., 1991) have been shown to be regulated by environmental iron in
addition to the identification in section 3.6 of a Fur-like box upstream from flaA led
to experiments which investigated whether the presence of listerial flagellin was

regulated by iron.

Firstly, wild type L. monocytogenes grown in media with varying concentrations of
iron (N.TM, TM.Fe2+ or TM.Fe3+, as described previously in section 3.2) were
examined using electron microscopy to assess whether the presence of flagellin was
associated with a specific iron concentration. The results are shown in Figure 3.48.
No differences were observed between cells grown in N.TM (Figure 3.48A),
TM.Fe2+ (Figure 3.48B), or TM.Fe3+ (Figure 3.48C) suggesting that the presence of
flagellin was not affected by growing the bacteria in a low-iron medium, (TM.Fe2+

or TM.Fe3+).

The second approach taken was the examination of the levels of B-galactosidase
activity produced by cultures of mutant 7D grown under conditions which
represented different levels of environmental iron. From the previous section (3.6), it
was determined that the promoter region from the listerial flaA gene lay immediately
upstream form the lacZ reporter gene on Tn917 and would therefore, be responsible
for the expression of lacZ in mutant 7D. Thus by examining the level of -

galactosidase produced by mutant 7D grown under various environmental condition,
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Figure 3.48. Comparison of electron micrographs of flagella production by
L.monocytogenes 10403S grown under different iron concentrations. Electron
mircroscopy was performed by R. Gilbert as described briefly in Matenals &
Methods/ Bacterial cells grown at 22°C in N.-TM (A), TM.Fe** (B) and TM.Fe** (C)
were placed on a piolioform-carbon coated grid, stained using uranyl acetate and
visualized using a Jeol 100-CX transmission elctron microscope at an accelerating
speed of 100kV. Figure A, magnification factor, 10K; Figure B, magnification factor,

10K and Figure C, magnification factor, 33K.
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it would be possible to examine the effect of the environmental factors on flagellin

expression.

Initially, attempts were made to confirm the previously reported temperature
regulation of flagellin expression (Kathariou et al., 1995) by assessing the B-
galactosidase activity expressed from cultures of mutant 7D grown in TSB at 22°C or
37°C. The results are shown in Table 3.7 and indicate that cultures of mutant 7D
grown at 22°C expressed f-galactosidase levels which were approximately 3 times
higher than those produced from cultures grown at 37°C. This finding was in
agreement with previous findings (Galsworthy et al., 1990; Dons et al., 1992;
Kathariou ef al., 1995) which reported the decreased levels of flagellation of cells
grown at 37°C. Thus, the assay of PB-galactosidase proved useful in assessing the

effect of environmental factors on flagellin expression.

Although mutant 7D could not be grown in medium where the iron levels were less

than or equal to 20 to 40 uM (Figure 3.8, section 3.2), an experiment was designed
where concentrations of 20 ¥M to 100 uM FeSO4 or FeCl3 were added to TM-Fe

and mutant 7D was grown in each of these different media at 22°C. The B-
galactosidase activity produced by cultures of mutant 7D grown in medium with
different concentrations of ferric or ferrous iron was assayed to examine whether the
different iron concentrations affected the activity of the flaA promoter. The optical
density of the cultures was a constant factor throughout the assays. The results are
shown in Table 3.8. No obvious correlation was observed between the level of -
galactosidase produced from mutant 7D grown and the level of ferrous or ferric iron
added to TM-Fe. However, it was evident by comparing the data in Table 3.7 with
the data in Table 3.8, that the level of $-galactosidase produced by mutant 7D in TSB
was approximately 10-fold higher than that produced in TM medium. Thus, the
varying iron concentrations in TM -Fe medium did not appear to influence the level

of P-galactosidase produced by mutant 7D although an obvious difference was
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Table 3.7. B-galactosidase activity expressed by mutant 7D grown in TSB at

22°Cor 37°C
TEMPERATURE B-GALACTOSIDASE ACTIVITY
O MILLER UNITS (MU)1
37 997
22 2910

1Calculated using the equation of Miller (1972)
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Table 3.8. f-galactosidase activity expressed by mutant 7D grown at 22°C in

TM-Fe medium with different concentrations of ferrous sulphate or ferric

chloride
B-GALACTOSIDASE ACTIVITY (MU)l
[IRON] pm FERROUS SULPHATE FERRIC CHLORIDE
20 174 165
40 205 171
60 47 135
80 179 198
100 303 238

1Calculated using the equation of Miller (1972)
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observed between cells grown in TM-Fe with additional ferrous or ferric iron and
cells grown in TSB. The reason for this latter difference was not known and was not

investigated further in this study.

3.8.2. In vivo analysis of mutants 7D and mutant 9E

To assess the importance of the flaA and argC gene products for in vivo survival of L.
monocytogenes, bacterial counts were taken at day 2, 4 and 6 post-infection, from the
spleens of MF1 mice inoculated intravenously with 5 x 104 viable organisms of
mutant 7D, mutant 9E and the parental strain, L. monocytogenes, 10403S. This
methodology for assessing the ability of L. monocytogenes to survive in vivo was

described previously (Hof & Hefner, 1988; Stephens ez al., 1991).

The results obtained for mutant 7D, mutant 9E and the wild type are presented in
Table 3.9. The stastical significance of the differences in counts between the wild
type and both mutants at days 2, 4 and 6 was examined using both the T-test and also
by Analysis of Variance. In all cases, P>10 which suggested that the differences were
not significant. This was suprising, especially for the counts observed at day 4 for
both mutants compared with the wild type, where the wild type gave a mean count of
1.7 x 104 cfu per spleen, mutant 7D gave a count of 7.2 x 103 cfu per spleen and
mutant 9E gave a count of 3.4 x 102 cfu per spleen. The insignificance of the
difference between these counts may be explained by the degree of error calculated
for each count (Table 3.9). To clarify this, the experiment would have to be repeated
with a larger number of mice, however, from the data presented here it appeared that
the flaA mutation in mutant 7D and the argC mutation in mutant 9E was not affecting
the ability of the mutant to survive in vivo. The counts obtained for both mutants on

day 2, 4 or 6 were not significantly different from the wild type.
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Table 3.9. Bacterial counts per spleen of L. monocytogenes wild type, mutant 7D

and mutant 9E after intravenous infection

Counts per spleen
Days Strain
post-infection Wild type Mutant 7D Mutant 9E
2 4.23 (£0.15) 4.23 (£0.16) 3.87(+0.37)
4 4.58 (£0.65) 3.86(+1.14) 2.53 (+0.69)
6 142 (£0.83) 02 0.83

1Expressed as mean log 1¢/cfu per spleen (+SEM); five animals per group

2411 mice died; 34 mice died
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4.1 The listerial ferric reductase

The objectives of this investigation were to clone the gene(s) involved in the ferric
reductase activity expressed by L. monocytogenes and use the gene(s) as the starting

point for studying the role of ferric reductase in listerial iron acquisition.

The listerial ferric reductase was first described in 1985 (Cowart & Foster, 1985) as a
low molecular weight protein capable of reducing ferric iron (Fe3+) to ferrous iron
(Fe2+). Although Cowart & Foster (1985) proposed that the ferrous iron was
acquired into the cell via a Fe2+ binding site on the cell surface, no evidence was
provided to support this hypothesis. = More recent investigations led to the
identification of cofactors which proved necessary for listerial ferric reductase
activity (Adams et al., 1990). A colourimetric assay which could be used to detect
the presence of this ferric reductase activity was also reported (Deneer & Boychuck,

1993; Deneer et al., 1995).

The colourimetric ferric reductase assay was first described by Dailey & Lascelles
(1977) where, a ferric reductase of Spirillum iternosonii was identified. The assay
was based on the fact that the Fe2+ chelator, ferrozine (Stookey, 1970), formed a
deep red colour when complexed with Fe2+, the reduced product of the ferric
reductase protein. Using this assay, ferric reductases have been identified in other
bacterial species including, Bacillus subtilis (Gaines et al., 1981), Streptococcus
mutans (Evans et al., 1986), Legionella pneumophila (Johnson et al., 1991) and also

in the yeast, Sacchromyces cerevisiae (Dancis et al., 1990).

With the exception of the S. cerevisiae ferric reductase (Georgatsou & Alexandraki,
1994), no attempts have been made to clone the gene(s) encoding the ferric
reductases of the other bacterial species. In L. monocytogenes and the previously

mentioned bacteria, the investigations have been directed towards determining: (1)
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the substrate specificity of the ferric reductases (Moody & Dailey, 1985), (2) the
cofactors which are necessary for ferric reductase activity (Dailey & Lascelles, 1977;
Johnson et al., 1991), and (3) the effect of environmental factors on the ferric

reductase activity (Poch & Johnston, 1993).

Although the investigations to date on the listerial ferric reductase have provided an
understanding of what factors are necessary for its activity Deneer & Boychuck
(1993), what environmental factors influence its expression by L. monocytogenes
(Deneer et al. 1995), and what substrates it can utilise (Cowart & Foster, 1885;
Adams et al., 1990; Hartford et al., 1994), they do not provide evidence of how this
protein is involved in the overall iron acquisition by L. monocytogenes. Thus, in this
present investigation, a molecular biological approach was taken. Attempts were
made to isolate from a listerial genomic library in E. coli, a clone with a reductase-
positive phenotype as determined by the colourimetric assay described by Deneer &
Boychuck (1993). Also, this assay was used to screen a library of L. monocytogenes

transposon mutants for a clone with a ferric reductase-negative phenotype.

The listerial genomic library was constructed using chromosomal DNA from L.
monocytogenes, 10403S and the vector pTTQI18 (Stark, 1987). The decision to use
this vector was based on its availability but also on the characteristic features of this
plasmid. These included, a fac promoter, a promoterless copy of the lacZ gene, an
ampicillin resistance marker and a multiple cloning site. The fac promoter enabled
the expression of the hybrid proteins to be highly regulated (Amann ez al., 1983)
while the promoterless copy of lacZ enabled blue/white selection of recombinants in
the presence of the P-galactosidase substrate, X-gal. The library was constructed
successfully in E. coli Sure and evidence from the analysis of plasmids isolated from
12 random clones suggested that 80% of clones from the library were recombinants.

This library was used to screen for a ferric reductase-positive clone.
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The L. monocytogenes transposon library was constructed using the Tn917 derivative
TnS17-pLTV3 (Camilli et al., 1990). A more detailed description of this derivative is
given in section 4.2 below, however, for the purpose of this discussion, it has been
shown that 7h917-pLTV3 inserts randomly into the chromosome of L.
monocytogenes and at a high frequency (A. L. Passos, Personal communication).
These features made the library suitable for screening for a ferric reductase-negative

clone.

In excess of 10, 000 transformants from the listerial genomic library were screened
and no ferric reductase-positive clone was identified. This number of transformants
was sufficient, as estimated from the Clark & Carbon (1977), to identify a ferric
reductase clone from the genomic library. The reasons why no clones were identified
are unclear, although it could have been due to a number of factors. The ferric
reductase protein may have been toxic to E. coli or it could have been that E. coli was
unable to secrete the protein. The possibility of the ferric reductase being toxic to E.
coli seems unlikely as it is under the control of the tac promoter and therefore its
expression is very tightly controlled. However, the possibility that E. coli was unable
to secrete the ferric reductase seems a more likely explanation, due to the differences
between the cell wall of E. coli and L. monocytogenes. Escherichia coli, being Gram-
negative, has a 2-membrane cell wall, while L. monocytogenes, being Gram-positive,
has only one membrane. Thus, it is possible that the listerial ferric reductase was
being contained within the cytoplasm or within the periplasmic space of E. coli.
Given this possibility, future attempts to identify the ferric reductase encoding gene
could involve screening the library after a step which would involve lysing E. coli to

release the ferric reductase if it were present.

Another possible reason why no ferric reductase-positive clones were identified
during the screen could have been that the protein was not folded properly. Although

no information is available on the three-dimensional folded structure of the listerial
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ferric reductase, it is known that the protein requires cofactors, Mg2+, FMN and
NADH for activity (Adams, et al., 1990) and presumably would possess binding
motifs for these cofactors. Thus, if the ferric reductase protein was not being folded
correctly in E. coli, it may be unable to bind the cofactors and consequently be

unable to reduce ferric iron to ferrous iron.

The approach whereby a library of transposon mutants was screened for a ferric
reductase-negative clone had the advantage over the genomic library approach in that
it was not dependent on the ferric reductase being secreted by E. coli or on the
colourimetric assay being sensitive enough to detect recombinant ferric reductase
produced by E. coli. Instead, the assay was being used to detect a listerial mutant
clone which no longer produced a red colony but instead produced a white ferric

reductase-negative colony.

The library of transposon mutants was screened extensively and from this initial
screen, 11 mutants were identified which produced white colonies indicating a loss of
ferric reductase activity. Unfortunately, when these 11 mutants were re-screened they
all proved to be ferric reductase-positive, producing red colonies. The reasons for
these observations are unknown and were not investigated further as the emphasis of
the study switched towards another aspect (Section 4.2, see below). It is possible to
speculate that the mutants reverted to having the wild-type phenotype. However the
fact that the estimated frequency of reversion of 7n917-pLTV3 is approximately 106
(Camilli et al., 1990) and the fact that the mutants retained their resistance to
erythromycin and lincomycin, makes this unlikely. Southern blot data from the 11
mutants before and after the initial screen would be required to prove or disprove this
speculation.  Alternatively, it may be that the listerial mutants have a second
mechanism which becomes induced when other listerial iron uptake genes are

disrupted.
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Although this investigation has proved unsuccessful in attaining its objectives, it has
been the first report of a genetic approach to studying the listerial ferric reductase. It
highlighted some of the problems which may be encountered when taking such an
approach. It also implied that if a genetic approach were to be taken in the future to
study the listerial ferric reductase, it would be more advantageous to take the route of
the transposon library or an alternative route altogether, such as constructing a
listerial genomic library in a Gram positive bacterium (Youngman, 1987). This
would possibly overcome any of the problems of secretion of the ferric reductase.
Also, as sequence data becomes available for the ferric reductase proteins of other
bacterial species (Gaines et al., 1981; Evans et al., 1986; Johnson et al., 1991), the
possibility of using a degenerative PCR approach (Dybvig et al., 1992) would arise.
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4.2 Screening for "iron-related" listerial mutants

The objective of this section of the investigation was to identify iron-related L.
monocytogenes transposon mutants. The definition of iron-related mutants were ones
with deficiencies in ability to acquire or utilise iron in low-iron environments
compared with the wild-type strain (L. monocytogenes, 10403S). Firstly the
transposon library of choice had to be constructed and secondly, the medium to be

used for screening the library had to be determined.

During the past decade, there has been a surge in the use of transposon mutagenesis
for studying the virulence determinants of L. monocytogenes. The first report of
Gaillard et al. (1986) demonstrated the use of the conjugative transposon 7Tn1545 as
tool for studying the role of the listerial haemolysin in bacterial virulence. More
recent investigations have utilised this same transposon as a means of studying the
listerial phosphatidyl choline-specific phospholipase C and the zinc metalloprotease

(Mengaud et al., 1991; Raveneau et al., 1992).

Another conjugative ransposon, Tn916, has also been used successfully to
mutagenize L. monocywgenes (Kathariou et al., 1987). This study together with
more recent studies (Bary et al., 1992; Kuhn et al., 1990; Sun et al., 1990) have
demonstrated the reduced ability of Aly::7n916 mutants to grow intracellularly and to

spread from cell-to-cell.

A non-conjugative transposon, 7n917, was used by Cossart et al. (1989) as a means
of studying the listeriolysin. The advantages they found by using this transposon as
opposed to the conjugaive transposons 7n21545 and Tn916 were that firstly, it was
much smaller in size than the conjugative transposons and consequently, DNA
manipulations were more straightforward. Secondly, isolation of transposon mutants

was simplified as Tn9]7 was carried by the highly temperature sensitive plasmid
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pTV1. Finally, the randomness and frequency of 7n917 insertion was greater than

those for the conjugative transposons (Cossart et al., 1989).

In this study, the library of L. monocytogenes transposon mutants was constructed by
A.L. Passos (Dept of Microbiology & Immunology, University of Leicester) using a
derivative of Tn917, namely, 7n917 - pLTV3 (Camilli et al., 1990 ). This derivative
has been used recently in L. monocytogenes to study the intracellular behaviour of

hly::Tn917-pLTV3 mutants (Sun et al., 1990).

Camilli ef al. (1990) designed this Tn917 derivative such that it included a number of
features which made it more favourable to use over the other transposons which have
been used in L. monocytogenes, Tn1545 and Tn916. These features included: (1) a
highly temperature sensitive origin of replication on the carrying plasmid pLTV3 (2)
a promoterless copy of the E. coli lacZ gene (3) the antibiotic resistance gene, which
encodes chloramphenicol resistance (ca?) in E. coli and the genes neo and ble which
encodes neomycin and bleomycin resistance in L. monocytogenes (4) the ColE1 and
M13 origins of replication and (5) a multiple cloning site. All these features enabled
the easy selection of chromosome insertions, the generation of transcriptional lacZ
fusions, and the easy recovery in E coli, of chromosomal DNA adjacent to the erm-
proximal side of the transposon insertion. A comprehensive review of the conversion

of Tn917 to its Tn917-pL.TV3 is given by Youngman (1990).

The work by Camilli et al. (1990) demonstrated that Tn917-pLTV3 transposed into
the listerial chromosome with a frequency of 8.2 x 104 which was similar to the
transposition frequency determined for the library used in this work (A.L. Passos,
Personal communication). The transposition frequencies determined for 7n1545
(Gaillard et al., 1986) and Tn916 (Kathariou et al., 1987) were approximately 10000
and 100 times less than that for 7n917-pLTV3, respectively.
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The randomness of insertion of 7#917-pLTV3 into the listerial chromosome was also
examined by Camilli et al. (1990). They found that although hotspots for insertions
did exist, namely in the hly gene, the insertions outwith this region were sufficiently
abundant and random to allow very effective mutagenesis using this derivative. In
this investigation, the randomness of insertion was examined by A.L Passos. Using a
probe derived from pLTV3 she demonstrated that out of 12 randomly selected
mutants only three showed transposition in the same sites as evident from the same
sized bands on a Southern blot. The other nine mutants gave rise to different sized
bands, indicating the transposon had inserted at a different location on the
chromosome of these mutants (unpublished observations). Thus, the library of
Tn917-pLTV3 L. monocytogenes which was to be screened in this study, consisted of
enough random mutants which could be used for for screening for a particular

phenotype; in this case the iron-related phenotype.

The second stage in this section of the work was to determine which conditions were
suitable for screening the transposon library for mutants with a deficiency in their
ability to acquire or utilise iron compared with the wild-type strain (L. monocytogenes
10403S). The approach which was taken was to compare the ability of the mutants
with the ability of the wild-type to grow in iron-poor or iron-rich medium.
Previously, attempts to identify iron-related mutants have been made in L.
monocytogenes (Roquette et al., 1996) and also in other bacterial species, including
Legionella pneumophila (Pope et al, 1996), Vibrio anguillarum (Chen & Helmann.
1994), Vibrio cholera (Sigel et al., 1985; Amaro et al., 1995), Pseudomonas
aeruginosa (Sokol 1987) and Streptococcus pneumoniae (Tai et al., 1993). These
investigations reported the use of the iron chelator, ethylenediamine di(o-hydroxy
phenylacetic acid) (EDDHA; Miles & Khimji, 1975) to obtain an iron-poor medium.
In all the investigations described above, the minimum inhibitory concentration

(MIC) of EDDHA was determined. The MIC defined as the minimum concentration
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of chelator which inhibited bacterial growth in a manner which could be reversed by

the addition of iron (Aznar et al., 1989; Pope et al., 1986).

The use of EDDHA for removing iron from TSB had been reported previously
(Deneer & Boychuck 1993; Deneer et al., 1995), and led to experiments in this
present study to determine the MIC of EDDHA required to inhibit listerial growth in
TSB. Although the investigation of Deneer & Boychuk (1993) reported that 1.3 mM
EDDHA was sufficient to remove the free iron from TSB, the result of this present
study suggested that the minimum concentration which inhibited listerial growth in an
iron-reversible manner was 8 times higher than 1.3 mM. Concentrations below 10.4
mM were not able to inhibit listerial growth, while concentrations above 10.4 mM
were shown to inhibit listerial growth, but in a manner which could not be reversed
by the addition of iron. The level of growth inhibition observed by the addition of
10.4 mM to TSB was significant but growth was not completely abolished. The
overnight cultures gave ODgQ( of 0.4 to 0.5 in the absence of iron suggesting that not
all iron was removed and was thus supporting this reduced growth. As discussed, this
residual iron could not be removed by addition of more EDDHA since a

concentration > 10.4 mM presumabley removed other essential ions.

As the screening procedure for the iron related mutants was to involve the
observation, by eye, of growth or no growth in iron-poor and iron-rich medium, this
residual growth in TSB would make this an impossible task. Therefore, an alternative
strategy was taken and involved the investigation of another iron chelator, namely,
tropolone. Its ability to convert TSB to an iron-poor medium was assessed. This
chelator was examined recently (Vidon & Spreng 1992) and the MIC was reported as
being 0.048 mM.

The MIC of tropolone in this present study was similar to that of Vidon & Spreng
(1992). However, the fact that different batches of TSB required different MIC of
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chelator (0.024 mM for Batch A and 0.048 for Batch B in this present study), again
made the use of this type of medium as an iron-poor medium impractical. ~The
necessity for determining a new MIC of chelator for each new batch of medium

would prove too time consuming.

Thus, the final approach and fortunately the successful approach taken, to determine
an iron-poor medium, for screening for iron-related mutants, involved the use of a
chemically defined medium of Trivett & Meyer (1971). This medium was recently
shown to be the most favourable defined medium for the growth of L. monocytogenes
(Jones et al., 1995). The initial reason for opting for the use of iron chelators with a
complex medium such as TSB rather that a defined medium was that it would
minimise the likelihood of identifying auxotrophic mutants as iron-related mutants.
The use of a chemically defined medium could result in the identification of such
false positives. However, due to unanticipated problems encountered in the iron
chelator studies, the use of Trivett & Meyer's chemically defined medium (TM)

appeared to be the way forward.

The results reported here, indicated that omission of iron from TM resulted in

complete inhibition of growth of the wild-type strain (L. monocytogenes, 10403S). A
similar finding was reported by Vidon & Spreng (1992). where the removal of FeCl3

from Welshimer's defined medium (Welshimer, 1963), also inhibited listerial growth.
They also showed that the addition of 1.0 mM FeCl3 to this iron-free Welshimer's

medium was sufficient to support listerial growth.

In this present investigation, a range of FeSO4 and FeCl3 concentrations were added

to iron-free TM medium. This enabled the determination of the minimum

concentration of FeSO4 and FeCl3 required to support listerial growth in a level

similar to that observed in unaltered TM (Jones ef al , 1995) . The results indicated
that as little as 1 uM FeSO4 or FeCl3 was sufficient enough to allow the ODgQ after
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24 hr to reach a similar level to that reached in unaltered TM. This level of iron was
100 times less than the value that Vidon & Spreng (1992) reported as being required
for listerial growth in Welshimer’s medium. Comparing investigations in other
bacterial species (Hantke, 1987; Huyer & Page, 1989; Evans et al., 1986) where
different media were used, it is evident that the minimum concentration of iron
required for bacterial growth is variable between species, although the concentration
required is usually micromolar. The variation could also be due to the type of
medium used for growth of the bacterium. Thus, the iron-poor medium used for
screening the library of L. monocytogenes Tn917-pLTV3 mutants was TM medium
lacking the normal levels of FeCl3 but containing 1 uM FeSO4 or 1 uM FeCl3.
Growing the bacteria in low-iron medium would allow analysis of iron acquisition
mechanisms which are important for listerial growth in low-iron environments such
as in mammalian hosts. If high iron concentrations were used, it may not have been
possible to investigate such mechanisms as they may not have been required for
growth of the bacterium in high-iron environments. TM.Fe2+/Fe3+ media were
chosen over TSB-EDDHA or TSB-tropolone due to the fact that the EDDHA
concentration which completely inhibited listerial growth was also likely to be
removing other essential ions and the amount of tropolone which was required to be

added was found to be highly variable.

The initial screen for iron related mutants involved analysis of the growth of

approximately 5,500 mutant in TM-Fe, TM.Fe2+ (TM-Fe + 1 UM FeSOgy). TM.Fe3+
(TM-Fe + 1 uM FeCl3) and N.TM (unaltered TM). From this screen, 44 mutants

were identified which did not grow in TM.Fe2+ and TM.Fe3+. 28 of these 44
mutants were auxotrophs, as they did not grow in N.-TM but grew normally in the

complex medium TSB, and they were excluded from further study.

Upon re-examination, 2 of the 16 mutants possessed the phenotype which was being

sought, while the other 14 mutants grew as the wild type. The two mutants of interest
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were designated 7D and 9E and both showed visibly reduced growth in TM.Fe2* and
TM.Fe3+ compared with the wild-type strain which grew as if in N.TM in both these
media. In N.TM, mutants 7D and 9E grew in a manner similar to the wild-type. The
fact that the only difference between N.TM and TM.Fe2+ or TM.Fe3+ was the levels

of iron, suggested that mutant 7D and mutant 9E were iron-related mutants.

Previously, mutants sensitive to the levels of environmental iron have been identified
in L. monocytogenes (Roquette et al., 1996 ), and also in other bacteria including
Legionella pneumophila (Pope et al., 1996), Vibrio species (Chen et al., 1994; Sigel
et al., 1985), Ps. aeruginosa (Sokol, 1987). The nature of the iron-related defects in
the L. monocytogenes mutants of Roquette et al. (1996) and the L. pneumophila
mutants of Pope et al. (1996) was not determined although the iron-related defects
described in the Vibrio species and in Ps. aeruginosa were shown to be due to

alterations in siderophore production and transport.

Thus, the subsequent work in this present investigation was aimed at determining the
nature of the iron-related defects which were occurring in the listerial mutants 7D and

9E.
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4.3 Analysis of mutant 7D

This section discusses the investigations performed on mutant 7D at the phenotypic
and genetic level. A number of phenotypic characteristics of this mutant were
examined and compared with the wild-type to determine whether mutant 7D differed
from the wild-type in characteristics other that the iron-related phenotype. At the
genetic level, chromosomal DNA flanking the erm-proximal and erm-distal end of the
transposon was sequenced and led to the identification of the gene which was

disrupted in this mutant.

Initial phenotypic analysis revealed 4 characteristic differences between mutant 7D
and the parental strain, L. monocytogenes, 10403S. These were, (1) visibly reduced
motility, (2) increased levels of haemolytic activity, (3) enhanced P-galactosidase

activity and (4) resistance to erythromycin and lincomycin, compared with the wild

type.

From the P-galactosidase data for mutant 7D, it was possible to speculate, at this
stage, that the 77917 in mutant 7D had inserted downstream from an active listerial
promoter. This was confirmed in this study and is discussed below. The resistance of
mutant 7D to erythromycin and to lincomycin confirmed the presence of Tn917 in the
chromosome of the mutant; the parental wild type had no antibiotic resistance
characteristics. The reduced motility and the increased haemolytic activity of mutant

7D are discussed in more detail below.

No other phenotypic differences were revealed. The colony morphology,
fermentative capacity towards numerous carbohydrates on API-S0CH tests,
enzymatic activity towards various substrates on API-20E tests, ferric reductase
activity or SDS-PAGE protein profiles were examined. No conclusion was drawn

from the one-dimensional SDS-PAGE profiles but no gross differences were
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observed. More discriminating analysis of protein profiles using techniques such as
silver staining or two-dimensional electrophoretic analysis would have to be
performed to reach a firm conclusion regarding the absence or presence of particular
proteins due to the mutations in mutant 7D or mutant 9E. This was not investigated
further in this present study although the possibility of investigating this further

exists.

Southern blot analysis of DNA from mutant 7D (and mutant 9E) led to the
construction of partial restriction endonuclease maps of chromosomal DNA flanking
the erm-proximal side of transposon insertion. They also confirmed that transposition
had occurred only once and that it had occurred legitimately. The knowledge of the
presence of specific restriction endonuclease sites on the flanking chromosomal DNA
enabled the most suitable enzyme to be chosen for digesting the genomic DNA for
rescuing the flanking DNA directly into E. coli (Camilli et al., 1990). An alternative
approach, called, "shotgun cloning" of chromosomal DNA flanking transposon
insertions (Youngman, 1987), could have been used. This would have involved
choosing random enzymes and assuming they would digest the flanking chromosomal
DNA at a region near the erm-proximal end of the transposon. However, in this
investigation it was decided to construct a partial restriction map of the flanking
chromosomal DNA as it would be advantageous to have knowledge of the restriction
endonuclease sites in the flanking chromosomal DNA further into the investigation

where subcloning of specific DNA fragments and sequencing was performed.

Confirmation of legitimate transposition of 772917-pLTV3 in mutant 7D (and mutant
9F) was made because of the previous observation of illegitimate transposition of
Tn917-pLTV3 into the listerial chromosomal (A. Passos, personal communication;
Alexander 1994). The results of the Southern blots using the probes mentioned above

and also using an additional probe based on a region of pLTV3 which included the
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tetracycline resistance gene led to the conclusion that correct, legitimate transposition

had occurred in this mutant.

Taking advantage of the partial restriction maps which had been constructed for the
chromosomal DNA flanking the erm-proximal side of insertion in mutant 7D and
mutant 9E, DNA flanking this side of the transposon was cloned into E. coli
MC1061. This approach was described previously by Camilli et al. (1990) and Sun e?
al. (1990).

As demonstrated in this present study and also in other investigations (Youngman,
1989; Guitterez et al., 1996), the successful recovery of chromosomal DNA flanking
Tn917 derivatives such as Tn917-pLTV3, which contained the erm gene, depended
largely on using an E. coli strain such as MC1061. Youngman (1989) speculated that
the erm gene product may be toxic to E. coli strains because of its ability to methylate
ribosomal RNA. Strains such as MC1060 contain a rspL mutation which lead to
alteration of the ribosome such that streptomycin resistance is conferred. This
alteration was thought to also prevent methylation by the erm gene product (Guitterez
et al., 1996) and thus, would allow the DNA fragments containing the erm gene to be

rescued.

The plasmid recovered from mutant 7D in E. coli contained chromosomal DNA from
the erm-proximal end of the transposon and was designated pJM1. Subcloning of
different fragments of flanking chromosomal DNA into pBluescript and sequence
analysis, revealed that the region which had been disrupted in mutant 7D was
significantly homologous to the previously published listerial flad gene (Dons et al.,
1992). The flaA gene in L. monocytogenes encodes the structural flagellin protein
and the insertion of Th917-pLTV3 occurred at nucleotide 295 of this gene. This
region of flaA lies downstream from the transcription initiation site and the -10 and -

35 consensus sequences which show homology to E. coli promoter regions. Further
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confirmation that the flaA was disrupted in this mutant was achieved by obtaining
sequence data for the chromosomal DNA flanking the erm-distal end of the
transposon. As expected, the deduced amino acid sequence from the erm-distal
chromosomal DNA was homologous to the published amino acid sequence of FlaA

(Dons et al., 1992).

Having identified the gene which had been disrupted in mutant 7D, it was important
to consider whether the inability of this mutant to grow in low-iron medium, the
visibly reduced level of motility and the increased haemolytic activity were a
consequence of the flaA mutation or whether these phenotypic differences of mutant
7D were the result of a point mutation elsewhere on the chromosome or due to a polar

effect of the mutation on a downstream gene.

Unfortunately, time limitation did not allow experiments to be performed to directly
clarify which of the above situations was responsible for the phenotypes of mutant
7D. However, had time permitted, attempts to complement the mutation with the
wild type flaA gene could have been made. Had the wild type gene complemented
the mutation in mutant 7D such that it could grow in low-iron medium and had levels
of haemolytic activity and motility similar to the wild type, it could have been
concluded that the flaA mutation was responsible for the inability of mutant 7D to
grow in the low-iron medium. However, if no complementation was observed, the
conclusion which would have been reached was that the flaA mutation was not
responsible for the observed phenotypes and they were most likely due to a polar

effect or a point mutation elsewhere on the chromosome.

Supportive evidence of the involvement of the flaA in causing the phenotypic
differences of mutant 7D came from the existence of a separate listerial flaA mutant
made by insertional mutagenesis of L. monocytogenes (provided by Dr C. Rees,

University of Nottingham). The finding that this second flaA mutant also had an
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inability to grow in low-iron medium (data not shown) confirmed that this phenotype
~was related to the disruption of the flaA gene. Interestingly, the flaA mutant of Dr C.
Rees was also shown to have increased levels of haemolytic activity, a phenotype also

observed for mutant 7D.

The abilities of mutant 7D, the flaA mutant of Dr C. Rees and the parental wild types
of both mutants to survive in vivo were examined. Intravenous infection of MFI mice
and bacterial counts from the spleens of the mice over the period of 6 days was
performed. The results obtained for mutant 7D and its wild type (shown in this study,
section 3.8) and for the mutant and wild type of Dr C Rees (results not shown in this
study) were similar. The difference between the bacterial counts obtained for both
mutants and their respective wild type parent over the period of 6 days was not
statistically significant. This suggested that the flaA mutation was not affecting the
ability of the bacterium to survive in vivo. Previous investigations (Galsworthy,
1990; Dons et al., 1992; Kathariou et al., 1995) reported the lack of flagellar
expression at 37°C (in vivo temperature) and also speculated that flagellin was not a
important factor for in vivo survival. However, not only was mutant 7D a flagellin-
minus mutant, it also was shown to have increased haemolytic activity and also an

inability to survive in low-iron environments.

The in vivo analysis suggested that the increased haemolytic activity of mutant 7D,
did not affect the ability of the organism to survive in vivo. The mutant produced
bacterial counts over the period of the in vivo experiment which were not
significantly different from the parental wild type. The factor which was causing this
haemolytic activity was not defined in this study. Whether it was due to increased
production of listeriolysin (Lui & Bates, 1961) was not investigated, although further
investigations such as extracellular protein preparations from mutant 7D and the wild
type and immunoblotting with listeriolysin-specific monoclonal antibody would

qualitatively clarify if more listeriolysin was being produced by mutant 7D than by
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the wild type. Kathariou et al., (1990) reported that levels of listeriolysin activity
~were not related to virulence. Therefore, if the haemolytic producing factor of mutant
7D did prove to be the listeriolysin, no effect on the bacterial counts of mutant 7D as

a result of the increased haemolytic activity would have been be expected.

The data from the in vivo experiment, also, suggested that the inability of this mutant
to grow in low-iron medium in vitro, did not affect the ability of the organism to grow
and survive in vivo. Previous investigations of other bacterial species (Montgomerie
et al., 1984; Cox, 1982) have reported the reduced virulence in vivo of strains which
have been shown, in vitro, to have a deficiency in their ability to acquire iron. Thus,
the results observed in this present study for mutant 7D (and mutant 9E) were
unexpected. The inability of mutant 7D (and mutant 9E) to grow in low-iron in vitro
did not affect their ability to grow in vivo. An understanding of the mechanism by
which this flaA mutation was resulting in mutant 7D having an inability to grow in
low iron would allow a better understanding of why no affect on in vivo behaviour

was being observed as a result of this phenotype.

The mechanisms by which the flaA mutation was causing the phenotypic differences
of mutants 7D were not known. It is interesting to speculate that the absence of
structural flagellin from the mutant was causing the bacteria to become leaky and
consequently allowing iron and the haemolysis producing factor to be exported from
the cell via the flagellin export pathway. The flagellin export pathway is not fully
understood and whether the proteins which pass through it are required to possess a
specific recognition signal is not known (MacNab, 1996). Therefore, it may be that
the flagellin export pathway in mutant 7D was allowing leakage of cytoplasmic
components of the cell into the extracellular environment. A qualitative comparison
of the levels of other secreted proteins, such as PI-PLC (Goldfine & Knob, 1992),
metalloprotease (Domann, et al., 1991) and lecithinase (Geoffroy er al., 1991),

produced by mutant 7D and the wild type, using monoclonal antibodies specific for
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the individual proteins to immunoblot the protein preparation, would allow

clarification of the above theory.

The reason why mutant 7D was unable to grow in low-iron medium but was able to
grow in high-iron medium was unclear but, it may have been due to the fact that the
amount of iron in high-iron medium was overcoming the presumed deficiency of
mutant 7D to maintain cytoplasmic iron at levels which were required for bacterial
growth. Perhaps the excess amounts of iron in the high-iron medium would enable
iron acquisition to occur at a rate similar to the rate of iron loss from the leaky
bacterium, whereas, in low-iron medium, iron loss was more rapid than iron
acquisition and consequently resulted in an inability of the bacterium to grow. This
could be examined by measuring the rates of acquisition of radiolabelled iron by L.
monocytogenes grown in the high- and low-iron media. No definite conclusion was
reached regarding the mechanism by which the flaA mutation was causing the

observed phenotypes.

Interestingly, a region was identified upstream from the -10 and -35 consensus
sequences of flaA which had significant homology to the Fur box consensus sequence
of E. coli (de Lorenzo et al., 1988; Griggs & Konisky, 1989) and other bacterial
species (Tai & Holmes, 1988; Stojiljkovic et al., 1994). Fur boxes are sequences
found in the promoter region of various genes which result in iron-regulated
expression of the downstream gene (Hennecke, 1990). Binding of the Fur protein to
the Fur box under conditions of high iron results in repression of the downstream
gene. The finding, in this study, of a Fur-like box upstream from flaA suggested that
expression maybe influenced by iron. Further evidence which suggested that flaA
expression may be influenced by iron was the finding of 028 promoter sequences
upstream from the flaA gene both in this study and in the report of Dons et al.,
(1992). In B. subtilis, the chemotactic/flagellin encoding genes which were preceded

by 028 consensus sequences were shown to be repressible byiron (Chen & Helmann,
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1994). Iron-regulation of flagellin-associated genes was also observed in E. coli

| (Guzzo et al., 1991) and Vibrio parahaemolyticus (McCarter & Silverman, 1990).

The occurrence of B-galactosidase activity in mutant 7D was exploited to investigate
the effect of environmental stimuli on the activity of the flaA promoter. The effect of
temperature on fB-galactosidase expression was examined by growing mutant 7D at
22°C or 37°C. This was examined due to the previous reports that flagellin
expression was regulated by environmental temperature (Galsworthy et al., 1990;
Kathariou et al., 1995)). The results in this study showed a 3-fold increase in §-
galactosidase expression from cells grown at 22°C compared with cells grown at
37°C. This observation was consistent with previous observation that flagella
production by cells grown at 37°C was less than by those grown at 4°C (Kathariou et
al., 1995). Previous electron microscopic examination of L. monocytogenes, 104035
cultured at 22°C or 37°C demonstrated the temperature regulation of flagellin
expression, were cells grown at 37°C did not appear to have structural flagella while

those grown at 22°C did (Galsworthy et al., 1990).

An investigation of the effect of different concentrations of iron on the expression of
the flaA gene was undertaken both using electron microscopy and also by assaying f3-
galactosidase. No changes in P-galactosidase levels with changes in environmental
iron concentration was seen. Electron microscopic examination of the wild-type
strain grown in TM.Fe2+, TM.Fe3+, or N.TM also did not show any variation in
flagella production with variation in iron. These observations were unexpected,
especially after the finding of a Fur-like box and a 028 consensus region in the
promoter region of the flaA gene. The presence of both these motifs would suggest
that expression of flaA was regulated by environmental iron. This does not seem to

be the case here.
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Sequence analysis of the region upstream from the fluA promoter region in mutant 7D
led to the identification of a novel listerial gene. It was designated cheV as it was
shown to have significant identity at the amino acid level to the cheV gene of B.
subtilis (Fredrick & Helmann, 1994). CheV, in B. subtilis, is a protein which is
involved in regulation of the complex process of bacterial chemotaxis (MacNab,
1987). Chemotaxis in B. subtilis and in other bacterial species results from the
modulation of the direction of flagellar rotation in response to environmental stimuli.
The chemotactic system is composed of a number of proteins, including the Che
proteins (MacNab, 1987). CheY, the response regulator protein, becomes
phosphorylated by the auto-phosphorylated kinase protein CheA, in response to
various environmental stimuli. Phosphorylated CheY then acts directly on the
flagellar motor to influence bacterial movement. Other Che proteins include; CheW
(increases the rate of CheA auto-phosphorylation); CheZ (removes phosphate from
CheY); CheB (phosphorylated by CheA and acts directly on membrane flagellar
proteins) and CheR (methyl transferase which acts on membrane flagellar proteins).
A description of the interaction of these different proteins with each other and a more
detailed description of their role in chemotaxis is given in the recent review of

MacNab (1987).

The putative listerial CheV protein described in this study appears to be similar to the
B. subtilis CheV protein (Fredrick & Helmann, 1994) in that it has two domains; one
with homology to the CheY, response regulator protein and one with homology to the
CheW protein which acts on the kinase protein CheA to increase the rate of auto-
phosphorylation. Recently, CheY and CheA proteins have been identified in L.
monocytogenes (Dons et al., 1994) and the encoding genes mapped to the region
immediately downstream from the flaA gene. Thus, from the data of Dons et al.,
(1994) and the finding of this study of a CheV encoding gene upstream of flaA, it
appears that the chemotactic genes of L. monocytogenes occur in a cluster which is

similar to the situation in B. subtilis, E. coli and S. typhimurium (Fredrick &
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Helmann, 1994; Rosario et al., 1994; Guzzo et al., 1991; MacNab, 1987). The

arrangement of these listerial genes in L. monocytogenes is shown in Figure 4.1.

No Fur-like consensus boxes were identified in the promoter region of the cheY or
cheA genes described previously (Dons et al., 1992). The cheV gene described in
this study also did not appear to have a Fur-like box upstream. However, consensus
sequences of o028 promoters were identified upstream from the cheY gene and the
cheA gene (Dons et al., 1994) suggesting that their expression may be influenced by
iron. No 028 consensus sequences were identified upstream from the cheV gene

described in this study.
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Figure 4.1 Arrangement of flaA and chemotactic genes on the chromosome of L.
monocytogenes. Diagrammatic representation of the arrangement of fluA, cheY,
cheA, and cheV of L. monocytogenes deduced from the work in this study and by

Dons et al., (1992). The arrow indicates the direction of transcription.
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4.4 Analysis of mutant 9E

Phenotypic and genotypic characterisation of mutant 9E was undertaken in this study.
The colony morphology, fermentative capacity on various carbohydrates on API-
SOCH tests, the enzymatic activity on a range of substrates on API-20E tests,
haemolytic activity on blood agar, ferric reductase activity, and SDS-PAGE protein
profiles of mutant 9E were compared with those of the wild-type strain (L.
monocytogenes, 10403S) and no differences were observed. In contrast to the finding
of B-galactosidase activity from mutant 7D, no activity was expressed by mutant 9E.
This suggested that transposition may have occurred at a region of the chromosome
which was not in the vicinity of an active gene promoter. Thus, the only phenotypic
characteristic of mutant 9E which differed from the wild-type strain, besides
resistance to erythromycin and lincomycin, was the inability of mutant 9E to grow in

low-iron medium.

Initial genotypic investigations of mutant 9E undertook an identical path as discussed
for mutant 7D (section 4.3). Southern blot analysis of chromosomal DNA from
mutant 9E using probes derived from pLTV3 led to the construction of a restriction
endonuclease map of the erm-proximal flanking DNA, in addition to the conclusion
that legitimate transposition of one copy of 77917 in the chromosome of mutant 9E
had occurred. Following cloning, sequencing and amino acid databases comparisons
using BLASTX (National Centre for Biotechnology Information, Los Alamos, N.
MEX) of the erm-proximal flanking DNA, an open reading frame (ORF) immediately
flanking the erm-proximal side of the transposon was identified and was designated
ORFB. ORFB was shown to have significant identities and similarities to the N-
terminus of the ArgC protein of B. subtilis (Smith et al., 1990), E. coli (Parsot et al.,
1988), S. mutans (Cardineau & Curtis, 1987) and Mpycobacterium tuberculosis

(Phillip et al., 1986). The other region of DNA which was sequenced, which lay
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upstream from ORFB, did not show any significant homology to sequence in the

databases searched and thus, was not analysed further in this study.

The homology described in this investigation between the 56 amino acid upstream of
the erm-proximal end of transposition in mutant 9E and ArgC of other bacterial
species was the first indication that such a protein existed in L. monocytogenes.
Although attempts to confirm the presence of the remainder of the argC gene at the
erm-distal end of transposition were unsuccessful, the data strongly suggests that

argC had been disrupted in mutant 9E.

The putative promoter region of the listerial argC gene was also analysed in this
investigation. Consensus sequences for -10 and -35 were identified and interestingly
an 18 bp motif with similarity to the consensus sequence for the E. coli Fur box (de
Lorenzo et al., 1988) was also identified upstream from the argC gene. This
suggested that expression of the argC gene may by regulated by levels of
environmental iron. Also identified in the argC promoter region was a sequence
similar to the Arginine box which has been reported upstream from argC genes of
numerous bacterial species including B. subtilis (O'Reilly & Devine, 1994),
Campylobacter jejuni (Hani & Chan, 1994) and E. coli (Parsot et al., 1988). These
arginine boxes are involved in the arginine-regulated expression of argC genes. The
presence of arginine in the environment leads to the repression of these genes, thus
the absence of B-galactosidase activity in mutant 9E may be explained by the fact that
arginine in the medium was repressing activity from the argC promoter which was
present upstream from lacZ gene. To investigate this, the argC promoter could be
cloned into a plasmid upstream from a promoterless copy of the lacZ and transformed
into any bacterial strain which did not require arginine for growth. Measuring the
activity of B-galactosidase expressed from the argC promoter in cells grown with and
without arginine would determine if the listerial argC promoter region was inhibited

by arginine. The measurement of B-galactosidase activity expressed from mutant 9E
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grown in the absence of arginine could not be performed because L. monocytogenes

could not grow in the absence of arginine (Trivett & Meyer, 1971).

To speculate on a relationship of the argC mutation in mutant 9E to the inability of
the mutant to grow in low-iron medium it is important to consider the function of
ArgC in other bacterial species. The argC gene encodes an enzyme, N-
acetylglutamate semialdehyde dehydrogenase, which is involved in the arginine
biosynthetic pathway (Cunin er al., 1986). This enzyme catalyses the conversion of
N-acetylglutamyl phosphate to N-acetylglutamate semialdehyde (Figure 4.2). The
initial conclusion on discovering that a gene whose product is involved in the
synthesis of arginine, was that an auxotrophic mutant had been identified. Arginine
auxotrophs of B. subtilis (O'Reilly et al., 1994), Corynebacterium glutamicum
(Sakanyan et al., 1996) and Anabaena species (Floriano et al., 1992) have been
reported and all have a characteristic growth dependency of arginine. However, the
fact that this mutant was unable to grow in Trivett & Meyer's medium, which
contained arginine suggested that some other factor was limiting the growth and it
appeared to be iron levels. Mutant 9E was unable to grow in Trivett & Meyer's
medium with reduced levels of ferrous iron (TM.Fe2+) or ferric iron (TM.Fe3+) but
was able to grow in Trivett & Meyer's medium (N.TM) to which more iron was
added. The only difference between these media was the levels of iron, thus, it was
concluded that mutant 9E was altered such that it was unable to grow in low-iron

environments, compared with the wild-type.

Interestingly, an intermediate of the arginine pathway, ornithine (Figure 4.2), was
previously reported to be important for the synthesis of iron chelating compounds in
other bacterial species (Cunin et al., 1986; Emery, 1971). Ornithine or ornithine
derivatives were shown to be important structural components of siderophores of

numerous bacteria including, pyoverdin of Pseudomonas aeruginosa (Visca et al.,
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Figure 4.2. Arginine biosynthetic pathway. A representation of the synthesis of
arginine from glutamate, highlighting the role of the ArgC protein, N-acetylglutamate

semialdehyde dehydrogenase.
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1994), exochelin of Mycobacterium smegmatis (Sharman et al., 1995), Staphyloferrin
A of §. aureus (Mewis et al., 1990), proferrioxamine of Erwinia amylovora (Feistner,

1995) and ornibactins of Burkholderia cepacia (Meyer et al., 1995)

It is interesting to speculate that other, as yet unidentified compounds, involving
ornithine or ornithine derivatives may be produced by L. monocytogenes. Although
Cowart & Foster, (1985) examined L. monocytogenes for the production of
siderophores and did not identify any it does not rule out the possibility of identifying
other compounds with siderophore-like activity. These workers looked for both
hydroxamate and phenolate siderophores in the culture supernate of L.
monocytogenes grown under iron limitation using the methods of Csaky (1948) and
Arnow (1937), respectively. None were identified. They also examined extracts of
whole cells and still were unable to report the presence of siderphores. The failure of
Cowart & Foster to identify siderophores in L. monocytogenes, may reflect the
methods used to identify siderophores and also to create iron-limited conditions.
These workers did not provide data which demonstrated the iron-limited conditions
which were supposedly created by Chelex treatment of the medium being used. In
addition, the assays of Csaky (1948) and Arnow (1937) identify siderophores which
are structurally similar to hydroxamate or phenolate siderophores, respectively. They
will not identify compounds which are structurally different from hydroxamate or
phenolate siderophores but still have siderophore activity. Thus in future,
experiments could be performed in the iron-limited medium used in this present study
to examine the ability of culture supernates or cell extracts of L. monocytogenes to

chelate iron, rather than looking specifically for siderophore molecules.

To determine if the inability of mutant 9E to grow in low-iron medium was related to
the argC mutation and not the result of a point mutation or a polar effect on a gene
downstream from argC, complementation of the mutation with the wild type gene

could be performed. The results from this experiment would enable a conclusion to
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be reached. Alternatively, supplementation of the low-iron medium with ornithine
and examination of the growth would clarify the role of ornithine in iron acquisition
of L. monocytogenes. Unfortunately a shortage of time prevented these areas from

being further examined in the course of this study.

4.5 Concluding remarks

At the onset of this investigation, it was hoped that the listerial ferric reductase
encoding gene(s) or other genes involved in the ability of Listeria to grow in low-iron
medium in vitro would be identified. The investigation of the listerial ferric reductase
was unsuccessful. However, two mutants were identified with an inability to grow in

low-iron medium, in vitro.

Sequence analysis of the chromosomal DNA flanking transposition led to the
conclusions that the flaA gene (Dons et al., 1992) was disrupted in one mutant and a
gene with homology to argC genes from other bacterial species (Smith e? al., 1990;
Parsot et al., 1988) was disrupted in the other mutant. The exact mechanism of how
these mutations were resulting in an inability to grow in low-iron medium remains

unclear.

It was speculated that the flaA mutation was causing the bacterium to become leaky
and consequently allowing iron to diffuse out of the cytoplasm into the environment
more rapidly than it would under normal conditions. This was supported by the
increased levels of haemolytic activity also observed for this mutant. In the second
mutant, it was likely that the argC mutation led to a disruption of the arginine
biosynthetic pathway (Cunin et al., 1986). One of the products of this pathway which
would presumably not be produced was ornithine. Omnithine has been shown
previously (Sharman et al., 1995; Feistner, 1995; Meyer et al., 1995) to be an

important precursor for the synthesis of siderophores and siderophore-like molecules
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in other bacterial species. Thus it was speculated here, that the presumed absence of
ornithine production would result in an inability to synthesise siderophore-like

molecules which consequently was resulting in an inability to grow in low-iron

medium.

From the speculations made above, the conclusion was that both mutants, although
phenotypically identical, with respect to their inability to grow in low-iron media,
were producing this phenotype via different routes. It was proposed that the flaA
mutation was resulting in an inability to grow in low-iron medium via a route which
was not directly related to iron acquisition while the argC mutation was resulting in
an inability to grow in low-iron medium due to disruption of a putative iron
acquisition mechanism, involving ornithine. Unfortunately, within the time scale of

this study, no experimental evidence was provided to support this proposition.

Previous investigations of other bacteria have reported the association of reduced
virulence in vivo, with an inability to acquire iron in vitro (Montgomerie et al., 1984;
Cox, 1982). This study, reported the finding of two mutants with an inability to grow
in low-iron in vitro but with no apparent affect on the growth of the bacteria in vivo;
the reasons for this are unknown. It is possible that the mechanisms of listerial iron
acquisition in vivo differ from those which occur in vitro The inability of both
mutants to grow in low-iron medium in vifro would not have been of importance as

the in vivo mechanisms of the mutants would be unaltered.

Future investigations of both these mutants may lead to clarification of the
speculative propositions which have been made regarding their inability to grow in
low-iron and the possible relationship (or not) of the mutation in each of these

mutants to iron acquisition in L. monocytogenes .
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